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ABSTRACT 


An  Optical  Spectroscopic  Investigation 
of  Helium  and  nitrogen  Plasmas 

by 

Kclvyn  Samuel  Ms nails 

Energetic  species  and  their  respective  energy  exchange 
processes  in  a  cool,  high  density  helium  plasma  has  been  reviewed. 
Light  from  a  flowing  helium  afterglow  was  observed  from  2^00  to 
10,500  A  using  an  Ebert  double-pass  scanning  monochromator  coupled  to 
standard  dc  detecting  equipment.  Experimental  data  in  the  form  of 
relative  populations  of  atomic  helium  states  provided  motivation  for 
theory  which  usy  explain  the  manner  in  which  ionization  is  maintained 
in  the  afterglow  region  of  the  helium  plasma.  A  bimodal  electron 
distribution  was  found  to  exist  in  this  plasma;  the  electron  tem¬ 
peratures  were  measured  spectroscopically  to  be  in  the  neighborhood 
of  103  and  101  K. 

Molecular  nitrogen  'was  used  as  a  probe  to  detect  various 
energetic  species  present  in  the  helium  afterglow.  In  addition  to 
the  usual  systems  observed  ’.when  Na  is  injected  into  the  helium 
afterglow,  light  from  many  levels  of  atonic  nitrogen  and  three  new 
vibrational  population  distributions  of  the  first  positive  system 
of  molecular  nitrogen  .were  observed.  Two  independent  mechanisms 
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for  exciting  the  atomic  nitrogen  were  isolated.  One  mechanism 

consisted  of  a  two  step  collisional  process  where  Nc  was  dis- 

v 

sociated  by  metastable  molecular  helium  Kcs  and  the  excited  il 
was  produced  by  collisions  with  electrons.  The  temperature  associated 
with  the  N  level  population  was  about  104  K,  confirming  the  existence 
of  the  high  energy  electrons  found  in  the  helium  afterglow.  The 
second  mechanism  for  populating  N  was  single  electron  recombination 
of  nitrogen  atomic  ions  formed  in  the  dissociative  charge  transfer 
reaction  of  ionised  helium,  He+,  with  molecular  nitrogen. 

Approximately  400  new  NI  lines  were  observed  from  an  inverted 
population  distribution. 
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I  INTRODUCTION 

The  energetic  particles  present  in  the  helium  afterglow  have 
been  used  to  excite  selectively  various  atomic  and  molecular  species 
in  the  laboratory.  Accurate  rate  constants  and  densities  of  excited 
species  can  be  determined  using  the  data  from  these  experiments.  A 
recent  and  very  comprehensive  investigation  of  this  subject  has  been 
published  by  Ferguson,  Fehse-nfeld  and  S  chine  It  e  bop  f  (1969).  One 
purpose  of  the  present  work  is  to  provide  a  self-consistent,  usable 
model  to  describe  the  fundamental  energy  exchange  mechanism  in  the 
helium  plasma. 

Light  from  a  flowing  helium  afterglow  was  observed  between  2500 
to  10,500  A  using  an  Ebert  double-pass  scanning  monochromator  coupled 
to  standard  dc  detecting  equipment.  In  an  attempt  to  understand 
measured  relative  intensities  of  atomic  helium  transitions,  a  model 
has  been  developed  to  explain  the  manner  in  which  ionization  is 
maintained  in  the  afterglow  region  of  the  plasma.  The  assumptions 
included  in  this  model  are:  (l)  a  bimodal  electron  distribution 
exists  in  the  plasma;  (2)  the  major  energy  exchange  processes  which 
occur  in  the  plasma  are  three-body  recombination  and  ionization 
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collisions  of  ground  and  excited  states  of  atomic  helium;  (3)  the 
functional  dependence  of  the  ionization  cross  section  is  given  by  the 
classical  theory  of  J,  J,  Thomson  for  ionization  of  gases.  The  two 
temperatures  of  the  electrons  were  measured  spectroscopically  to  be 
near  103  and  104  K,  while  the  relative  density  of  high  temperature  to 
low  temperature  electrons  was  measured  to  be  about  0.1. 

Molecular  nitrogen  was  used  as  a  probe  to  detect  various 
energetic  species  present  in  the  helium  afterglow  since  it  has  a 
large  interaction  probability  to  produce  light  when  bombarded  by 
these  species.  In  addition  to  the  usual  systems  observed  when  Nn  is 
injected  into  the  helium  afterglow  (Collins  and  Robertson,  1964c; 
Dunn,  1966),  several  vibrational  population  distributions  of  the 
first  positive  system  were  observed.  One  population  distribution  was 
unique  in  that  the  tenth  vibrational  level  was  considerably  more 
populated  than  neighboring  levels.  Approximately  one  percent  of  the 
nitrogen  molecules  in  the  B  3IIg  state  were  in  the  tenth  vibrational 
level  distribution,  while  the  population  distribution  of  the  remain¬ 
ing  molecules  could  be  described  by  a  temperature  of  4000  +  150  K. 

This  phenomenon  may  be  an  example  of  collisional  induced  level  cross¬ 
ing  in  homonuclear  diatomic  molecules. 

In  addition  to  the  observation  of  the  molecular  nitrogen  systems, 
two  independent  mechanisms  for  exciting  atomic  nitrogen  were  isolated. 
One  mechanism  consisted  of  a  two  step  collisional  process  where  Nj,  was 
dissociated  by  metastable  molecular  helium,  Hej,  and  the  excited 
neutral  atomic  nitrogen,  HI,  was  produced  by  collisions  with 


electrons.  The  temperature  of  the  NI  levels  was  about  104  K,  con¬ 
firming  the  existence  of  the  high  energy  electrons  found  in  the 
helium  afterglow.  The  second  mechanism  for  populating  NI  was  single 
electron  recombination  of  nitrogen  atomic  ions.  The  ions  are  formed 
in  the  dissociative  charge  transfer  reaction  of  ionized  helium,  HeH', 
with  molecular  nitrogen.  Approximately  400  new  NI  lines  were 
observed  with  an  inverted  population  distribution. 

To  aid  in  the  data  analysis,  specific  computer  programs  we re 
developed  to  determine  the  response  characteristics  of  the  detection 
systems  used  in  the  experiments,  and  to  present  spectroscopic  data 
in  a  manner  which  would  facilitate  the  recognition  of  a  Boltzmann 
population  distribution  among  the  observed  energy  levels  of  any 
atomic  or  molecular  system  (Applebaum  and  Manalis,  1970), 
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II  EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 

2.1  Optical  Detection  System 

The  optical  detection  system  used  in  these  experiments  was  con¬ 
ventional  dc  detection  equipment.  All  sources  that  were  investigated 
were  bright  and  thus  relatively  convenient  for  spectroscopic  measure¬ 
ment,  An  Ebert  double  pass  scanning  monochromator  was  used  with 
various  photomultiplier  tubes,  gratings  and  optical  filters.  The 
choice  of  particular  accessories  depended  on  the  spectral  region 
investigated,  A  calibrated  quartz-iodine  lamp  was  used  to  measure 
the  relative  response  of  the  optical  detection  system.  An  excellent 
description  of  the  detection  system  used  in  this  laboratory  is  given 
in  a  Ph.D.  thesis  by  C,  Liu  (1969). 

2.2  Source  of  the  Helium  Plasma 

The  source  which  was  used  to  excite  the  helium  is  illustrated  in 
Fig.  2,1,  Excitation  of  the  helium  gas  was  achieved  by  flowing  the 
gas  through  a  liquid  nitrogen  cooled  charcoal  trap  ar.d  between  a 
hollow  cylindrical  stainless  steel  cathode  and  a  grounded  ring  anode 
at  a  speed  of  104  cm/sec.  The  source  was  operated  at  a  pressure  near 
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one  torr,  an  electrode  current  of  500  ma,  and  a  potential  near  1  kV. 
The  flow  rate  of  the  helium  gas  was  about  275  atm-cc/sec.  More 
details  on  this  source  and  the  effects  of  impurities  on  the  excited 
helium  can  be  found  in  a  Ph.D.  thesis  written  by  J.  Dunn  (1966). 

The  region  between  the  electrodes  is  referred  to  as  the  dis¬ 
charge  region  and  the  region  beyond  the  ring  anode  is  referred  to  as 
the  afterglow  region.  Target  gases  such  as  molecular  nitrogen, 
argon  or  hydrogen  were  added  through  gas  inlet  #1  or  #2.  These  gas 
inlets  could  be  rotated  to  improve  the  mixing  of  gases. 

Figure  2.2  illustrates  the  amount  of  energy  which  was  available 
from  the  helium  species  present  in  the  helium  afterglow.  There  are 
four  energetic  species  in  the  plasma:  the  atonic  ion,  He+,  the 
molecular  ion  Heg  and  the  metastable  atom,  He1'1,  the  metastable 
molecular,  He*1.  However,  the  presence  of  another  energetic  species 
was  needed  to  explain  the  many  reactions  that  were  observed  when 
molecular  nitrogen  was  added  to  the  afterglow.  This  species  was 
found  to  be  relatively  energetic  electrons  with  a  temperature  of  104  K. 

2.3  Qualitative  Observations 

Using  the  eye  to  observe  changes  in  color,  intensity  and 
relative  positions  of  the  radiating  species  while  varying  the 
experimental  parameters,  was  an  important  part  of  the  experimental 
procedure  used  in  this  work.  It  was  these  qualitative  procedures 
which  led  to  the  first  observation  of  the  various  vibrational  dis¬ 
tributions  of  the  Ng  first  positive  system  (see  Chapter  V)  and  to  a 
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relatively  clean  source  of  atomic  nitrogen.  For  example,  when 
molecular  nitrogen  was  injected  into  the  helium  afterglow,  a  blue 
glow  occurred  in  the  neighborhood  of  the  gas  inlet  and  further  down 
stream  a  faint  green  glow  occurred.  Spectroscopic  measurements 
indicated  that  the  blue  glow  consisted  of  strong  emission  from  the 
Ng  first  negative  system  and  weak  emission  from  atomic  nitrogen.  The 
green  glow  consisted  mainly  of  atomic  nitrogen  lines  (see  Fig.  2.3, 
lower  spectrum)  but  with  different  relative  intensities  from  the  III 
lines  which  appear  in  the  blue  region.  When  the  molecular  nitrogen 
flow  rate  is  increased  by  about  one  order  of  magnitude,  the  blue  and 
green  glows  vanish  and  a  strong  red  glow  appears.  The  spectrum  of 
this  glow  consisted  of  an  unusual  vibrational  distribution  of  the 
first  positive  system  of  molecular  nitrogen.  .  If  the  flow  rate  is 
then  doubled,  the  red  vanishes  and  a  turquoise  blue  glow  appears. 
Preliminary  spectra  indicated  that  this  glow  may  contain  emission 
from  the  Na  (E  3s)  state. 

If  one  directs  a  rf  field  near  the  plasma  frequency  towards  the 
afterglow,  reactions  that  involve  slow  electrons  and  ions  will  be 
quenched.  When  rf  power  is  pumped  into  the  afterglow  at  the  plasma 
frequency,  ambipolar  diffusion  inhibits  clectron-ion  recombination, 
causing  the  quenching  effect  (see  section  3t8).  It  was  found  that 
the  green  atomic  nitrogen  glow  was  completely  quenched  with  this 
procedure  (see  chapter  IV).  Thus,  this  procedure  was  a  very  useful 
tool  to  aid  in  separating  the  many  reactions  which  occur 
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simultaneously  in  the  plasma. 

Another  qualitative  observation  which  proved  useful  was  to  add  a 
third  gas  into  inlet  #1  and  observe  the  effects  on  the  reactions  of  a 
target  gas  which  was  injected  into  the  afterglow  through  inlet  #2. 

In  some  cases,  the  third  gas  will  remove  an  energetic  helium  species 
which  is  a  precursor  of  a  reaction  with  the  target  gas.  This 
procedure  was  used  to  learn  one  of  the  mechanisms  which  produces 
excited  atomic  nitrogen.  From  the  work  of  Dunn  (1966),  it  was 
verified  that  argon  has  a  large  cross  section  for  removal  of 
mctastable  helium  atoms.  The  experiment  was  to  inject  molecular 
nitrogen  into  inlet  #2  and  observe  radiation  from  atomic  nitrogen  at 
inlet  ,;-2  while  adding  armor  gas  through  inlet  i'l.  As  a  result.,  the 
intensity  of  the  nitrogen  lines  remained  unchanged.  The  conclusion 
was  that  metastable  helium  atoms  had  little  to  do  with  the  production 
of  excited  HI.  Now,  under  these  exact  experimental  conditions  a  rf 
field  was  directed  towards  the  NI  source  at  inlet  #2,  Since  there 
was  no  change  in  the  intensity  of  MI  radition,  neither  helium  ions, 
metastable  atoms  nor  slow  electrons  were  instrumental  in  exciting 
atonic  nitrogen.  The  only  precursors  which  remained  were  metastable 
helium  molecules  and  energetic  electrons.  Thus ,  a  two  step  process 
involving  these  two  energetic  species  probably  caused  the  excitation 
of  NI  (see  section  4.3). 


Figure  2.1 

Low  pressure  (l  torr)  ic  source  of  the  helium  plasma. 
Excitation  of  the  helium  was  achieved  by  flowing  the 
gas  through  a  liquid  nitrogen  cooled  charcoal  trap  and 
between  a  hollow  cylindrical  (6.5  diameter  by  8.0  cm  in 
length)  stainless  steel  cathode  and  a  grounded  ring 
anode  (6,5  cm  diameter).  The  operating  electrode 
voltage  and  current  were  1  kV  ana  500  ma,  respectively. 
The  nitrogen  plasma  was  created  by  adding  molecular 
nitrogen  through  gas  jets  1  and  2, 
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Figure  2,2 

The  partial  energy  level  diagram  indicates  the  amount 
of  energy  which  is  available  from  the  helium  species 
present  in  the  helium  afterglow.  The  horizontal  line 
on  the  molecular  levels  indicates  the  spread  of  energy 
which  is  available  from  vibrational  energy. 


Figure  2.3 

A  photograph  of  the  actual  photoelectric  data  from  the 
helium  afterglow  at  a  pressure  of  1  torr  is  shown  on  the 
upper  figure.  It  was  observed  by  anEbert  double-pass 
scanning  monochromator.  The  atomic  emission  is  two  to 
three  orders  of  magnitude  greater  than  the  emission 
from  the  helium  molecule.  Also  seen  in  the  spectrum 
are  the  brightest  lines  of  iron  and  chromium  which 
occur  because  of  electrode  sputtering.  The  spectrum 
shown  in  the  lower  figure  resulted  when  molecular 
nitrogen  was  added  to  the  afterglow.  Analysis  of  the 
complete  spectrum  indicates  that  it  is  predominately 
atomic  nitrogen.  Many  new  unclassified  ill  lines  are 
shown  in  the  figure. 
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III  THE  HELIUM  PLASMA 
3.1  Statement  of  the  Problem 

A  large  percentage  of  the  light  which  radiates  from  the  helium 
plasma  originates  from  transitions  between  the  energy  levels  of 
atomic  helium.  If  the  mechanisms  for  populating  and  depopulating 
these  levels  can  be  understood,  then  the  fundamental  energy  exchange 
processes  in  the  plasma  itself  can  be  better  understood.  There  has 
not  been  a  satisfactory  theoretical  explanation  for  the  observed 
population  of  these  energy  levels.  This  is  because  the  number  of 
energy  exchange  processes  included  in  previous  theories  is  large,  and 
no  single  closed  expression  for  the  population  of  energy  levels  as  a 
function  of  the  principle  quantum  number  has  been  written. 

To  illustrate  this  problem  one  needs  to  measure  the  relative 
intensities  of  the  light  resulting  from  transitions  between  energy 
levels  of  a  Rydberg  series  in  Hel,  These  intensities  are  converted 
to  populations  using  calculated  transition  probabilities.  The 
logarithm  of  the  population  is  then  plotted  as  a  function  of  the 
electron  binding  energy  of  the  excited  states.  If  the  plot  is 
linear,  the  population  of  the  energy  levels  may  be  described  by  a 
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Boltzmann  temperature.  It  may  turn  out  that  only  some  of  the  levels 
can  be  described  by  this  temperature.  This  is  the  case  for  the 
light  emitted  from  a  helium  plasma  with  electron  densities  between 
109  and  1013  cm“3  (Collins  and  Robertson,  1964a  and  Hinnov  and 
Hirschberg,  1962). 

These  researchers  have  found  that  for  a  principle  quantum 
number  n  greater  than  6  ±  1,  the  levels  of  Hel  are  in  a  Boltzmann 
equilibrium.  Furthermore,  they  conclude  that  the  temperature 
measured  by  the  above  procedure  was  the  plasma  electron  temperature, 
proving  that  the  levels  are  in  a  Boltzmann-Saha  equilibrium.  Their 
measured  electron  temperature  was  about  1400  K  (O.leV).  For  n  <  6, 
the  experimental  populations  are  much  less  than  one  would  expect 
from  those  calculated  from  the  Boltzmann-Saha  equilibrium  temper¬ 
ature. 

Thus,  the  currently  accepted  explanation  for  the  emission  of 
atomic  light  from  a  helium  plasma  is  divided  into  two  regions,  one 
for  n  >  6,  and  the  other  for  n  <  6.  For  n  >  6,  the  mechanism  is  three- 
body  recombination  and  its  inverse  process,  ionization  from  an 
excited  state, 

He+  +  e  +  e  ^=r>  He*  +  e  (n  >  6  ±  l)  3.1 

He*  represents  a  helium  atom  in  any  one  of  its  energy  states.  The 
balancing  between  these  two  processes  gives  rise  to  Boltzmann-Saha 


equilibrium. 
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It  is  necessary  to  emphasize  that  the  electron  density  in  these 
helium  plasmas  ranges  from  109  to  1013  cm"3.  For  this  density 
range,  the  limiting  form  to  recombination  is  three-body  or  colli- 
sional  recombination  (Bates  and  Dalgarr.o,  1962). 

For  n  <  6  the  major  contribution  to  the  population  of  the  Ke 
levels  results  from  transitions  between  bound  states  through  super¬ 
elastic  and  inelastic  collisions  with  electrons. 

Hen  +  e  <=$  Hen+-1-  +  e  (n  <  6  ±  l) 

One  must  know  the  collisional  transition  probabilities  in  order  to 
apply  this  part  of  the  theory  to  the  experimental  data.  In  addi¬ 
tion  to  these  two  mechanisms,  other  secondary  methods  which  populate 
and  depopulate  levels  may  be  trapped  resonant  radiation,  cascading 
and  radiative  decay. 

Recently  Thornton  (l?68)  has  completed  an  exhaustive  experi¬ 
mental  and  theoretical  investigation  of  the  problem.  The  importance 
of  his  experimental  observation  that  he  reported  a  bimodal 
electron  distribution  consisting  of  a  low  energy  group  of  electrons 
(O.leV)  and  a  higher  energy  group  of  electrons  (10  ±  5eV)  whose 
density  is  one  to  two  orders  of  magnitude  less  than  the  lower 
energy  group.  The  conductivity  of  the  plasma  is  controlled  by  the 
density  of  the  low  energy  group  of  electrons  while  the  plasma 
itself  is  maintained  by  the  less  numerous  group  of  high  energy 


electrons 
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Thornton's  theoretical  fit  to  the  experimental  data  consisted 
of  solving  a  many  term  (about  ten)  rate  equation  for  the  level  pop¬ 
ulation  as  a  function  of  the  binding  energy  of  the  excited  electron. 
Some  of  the  energy  exchange  processes  included  in  his  theory  are 
ionization  and  recombination  of  electrons,  superelastic  and 
inelastic  collisions  with  electrons,  and  radiative  decay.  The 
essential  difference  between  this  theory  and  others  is  the  treatment 
of  the  electron  distribution  as  bimodal.  He  fits  his  data  for  n=3 
to  n=10  with  two  models.  Both  of  these  models  are  complicated  and 
involve  many  energy  exchange  processes. 

Therefore,  the  problem  is  basically  theoretical  and  may  be 
stated  as  follows:  Is  it  possible  to  fit  the  experimental  data  for 
the  population  of  energy  levels  in  a  helium  plasma  with  a  simple 
closed  expression  as  a  function  of  the  principle  quantum  number? 

What  follows  is  an  attempt  to  solve  this  problem.  The  working  model 
is  called  the  "two  electron  temperature  model"  and  assumes  that  the 
plasma  consists  of  helium  atoms  and  ions,  and  a  non -Maxwellian  dis¬ 
tribution  of  electrons  approximated  by  two  independent  Maxwellian 
electron  distributions.  The  electron-electron  relaxation  time 
between  these  two  groups  was  calculated  and  demonstrates  that  this 
time  is  sufficient  to  allow  the  high  energy  electrons  to  exist  long 
enough  to  participate  in  ionizing  atoms  before  losing  their  energy 
to  the  low  energy  electrons.  The  only  energy  exchange  processes 
which  are  built  into  the  model  are  ionization  and  recombination. 
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3.2  Experimental  Results 

The  2s  3S  -  np  3P°  series  in  orthohelium  was  selected  for 
observation  because  of  the  large  range  of  binding  energy  available 
to  the  excited  electron  in  this  series,  and  because  the  light  from 
most  of  its  levels  could  be  detected  in  the  laboratory  (from  n=2  to 
l6).  It  is  striking  to  note  that  nowhere  in  the  literature  does  a 
complete  population  study  of  this  series  exist.  Most  researchers 
have  chosen  the  2p  3P°  -  nd  3D  series  for  their  investigation 
because  the  wavelengths  of  the  spectral  lines  emitted  in  this  series 
are  located  in  a  region  where  accurate  measurements  can  be  made  with 
a  minimum  of  difficulty.  But,  as  can  be  seen  from  the  partial 
energy  level  diagram  for  Hel  (Fig.  3»l)»  the  lowest  value  of  the 
principle  quantum  number  for  this  series  is  three,  and  thus  the 
available  binding  energy  for  the  electron  is  reduced  by  a  factor  of 
nine  fourths.  As  will  be  seen,  this  extension  of  the  electron  bind¬ 
ing  energy  range  will  provide  information  that  will  greatly  influence 
the  intezpretation  of  the  experimental  data. 

The  measured  relative  population  density  of  state  n  in  arbi¬ 
trary  units  is  proportional  to  the  product  of  the  intensity  (1^* ) 
and  wavelength  (X),  and  inversely  proportional  to  the  atomic  tran¬ 
sition  probability  (A^i). 
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TABLE  3.1 

n 

2 

3 

4 

5 

(  6 

7 

8 

9 

10 


He I  2s  3S  -  np  aF°  series 

Wavelength 

A 

10830.3 

3888.65 

3187.74 

2945.10 

2829.03 

2723.19 

2696.12 

2677.14 

2663.27 

2652.85 


Transition  Probability 
sec"1 

0.109  x  10P 
0.121 
0.059 
0.031 
0.018 
0.012 
0.008 
0.006 
0.004 


11 


0.003 
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„  Xlnn' 
Nn  a  ~~k7~- 


xrai’ 


3.2 


This  relationship  is  valid  only  when  the  radiation  density  in  the 
plasma  is  small  enough  that  induced  emission  is  negligible  (Condon 
and  Shortley,  1963).  Since  the  wavelength  for  the  transitions  in 
helium  are  well  known  (Martin  i960),  the  error  in  IL  is  in  the 
measured  intensities  and  calculated  transition  probabilities. 

The  transition  probabilities  were  calculated  from  a  prescription 
described  by  Goldberg  (1939).  The  results  of  the  calculation  agreed 
favorably  with  the  values  published  by  the  National  Bureau  of 
Standards  (Wiese,  1966).  The  estimated  accuracy  of  the  values 
obtained  from  Goldberg's  procedure  is  10$.  The  results  of  the 
calculation  are  shown  in  Table  3.1. 

The  accuracy  to  which  the  relative  intensity  of  the  lines  could 
be  measured  depends  upon  their  wavelengths  (see  Fig.  3.1).  Light 
from  the  2s  3S  -  2p  3 1*3  transition  has  a  wavelength  of  10,830  A  and 
was  detected  by  a  RCA  7102  liquid  nitrogen  cooled  photomultiplier 
tube,  coupled  to  a  scanning  monochromator  with  a  7500  A  blaze  grat¬ 
ing.  The  estimated  accuracy  of  measuring  the  intensity  of  this  line 
relative  to  the  2s  3S  -  5F  3fc>  (3889  A)  is  30$.  The  relative  intensity 
of  the  lines  whose  wavelengths  range  from  2300  to  4000  A  can  be 
measured  with  an  accuracy  of  10$.  For  transitions  with  wavelengths 
less  than  2800  A,  the  experimental  error  of  the  measured  intensities 


Figure  3.1 

Partial  energy  level  diagram  showing  the  decay  scheme 
for  two  Rydberg  series  in  orthohelium;  2s  3S  -  np  3P° 
and  2p  3P°  -  nd  3D.  The  2s  3S  state  is  metastable.  En 
is  the  energy  above  the  ground  state  (not  shown  on 
diagram)  and  Xn  is  the  binding  energy  of  the  excited 
electron,  bince  the  first  ionization  potential  for  He 
is  24.59eV,  Xn  =  24.59  ~  En»  Noted  on  the  diagram  is 
the  approximate  wavelengths  of  the  series  limit. 


En  CtV) 


(•V) 
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Figure  3.2 

The  relative  population  density  (arbitrary  units) 
observed  at  position  # 1  in  the  afterglow;  as  a  function 
of  the  electron  binding  energies  of  the  np  3I°  states. 
The  pressure  was  one  torr  and  the  electrode  current  was 
500  ma.  The  errors  of  the  points  shown  on  the  figure 
for  n=L>  and  near  the  series  limit  are  larger  than 
those  for  n=3  to  6  because  of  the  increased  uncertainity 
in  the  measured  relative  intensities  in  the  respective 
spectral  regions.  The  solid  line  represents  the  value 
of  the  calculated  populations  based  on  the  two  electron 
temperature  model.  The  values  for  the  parameters  used 
in  this  calculation  are  shown  on  the  figure. 
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increases  since  it  is  difficult  to  find  a  calibrated  source  for  this 
region.  The  quartz-iodine  or  tungsten  lamp  normally  used  is  not 
accurate  in  this  region  because  the  lamp  intensity  is  very  weak.  A 
calibrated  mercury  source  might  help  (Childs,  19o2)t  but  the  error  is 
still  quite  large  in  this  region  (greater  than  30‘/j)  as  compared  with 
the  region  of  above  2800  A. 

The  experimental  results  for  the  relative  population  density  of 
the  np  3P°  series  of  helium  are  shown  in  Fig.  3*2.  The  light  was 
observed  at  position  #1  in  the  afterglow  (see  Fig.  2,l)  at  a 
pressure  of  1  torr  and  an  electrode  current  of  500  ma.  The  solid 
line  shown  on  the  figure  represents  the  value  of  the  calculated 
populations  based  on  the  two  electron  temperature  model.  The  sig¬ 
nificance  of  the  parameters  will  be  discussed  in  section  3.4  along 
with  the  dependences  of  the  parameters  on  electrode  current,  pres¬ 
sure,  and  spatial  changes. 

3,3  Development  of  the  Two  Electron  Temperature  M>del 

As  seen  in  Fig.  3*2,  the  experimental  points  for  n  >  6  can  be 
described  by  an  electron  temperature  of  1400  K  (0.12eV),  while  the 
points  for  n  <  5  can  be  described  by  a  temperature  of  11,500  K 
(l.OeV).  Knowledge  of  the  population  of  the  2s  3S  -  2p  3F°  transition 
helped  verify  this  last  fact.  Thus,  it  is  this  empirical  description 
of  the  population  versus  binding  energy  graph  that  provides  the  moti¬ 
vation  for  the  two  electron  temperature  model. 
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Before  considering  the  problem  of  the  bimodal  electron  dis¬ 
tribution,  it  will  be  helpful  to  discuss  the  entire  problem  using  a 
single  electron  distribution  in  which  the  electrons  are  in  thermal 
equilibrium.  Consider  a  perfectly  insulated  box  containing  helium 
atoms,  helium  ions  and  electrons  at  temperature  T.  The  particles 
inside  the  box  are  uniformly  distributed  in  configuration  space, 
the  total  charge  is  zero  and  the  electron  density  Ne  is  equal  to  the 
ion  density  IU,  In  addition,  we  assume  that  the  electrons  can  be 
described  by  a  Maxwell-Bo It zmann  distribution  function  at  a 
temperature  T.  In  order  for  this  assumption  to  be  realized,  the 
average  de  Broglie  wavelength  of  the  electrons  must  be  less  than  the 
average  particle  separation: 

h/'  2mkT  (N/V)1/3  «  1 

!Dius,  as  long  as  this  inequality  is  satisfied,  the  Fermi  distri¬ 
bution  function  for  electrons  goes  to  its  classical  limit,  the 
Maxwell-Boltzmann  function. 

We  require  that  the  electron  density  be  of  the  order  of 
1013  cm“3  so  that  the  major  mechanisms  occurring  in  the  box  are 
three-bocly  recombination  and  its  inverse  process  (Bates  and  Dalgarno, 
1962)  (see  equation  3»l)«  All  other  energy  exchange  mechanisms  are 
assumed  to  be  relatively  unimportant.  Thus,  the  only  processes  with 
which  the  particles  interact  are  ionization  and  recombination  by 
electrons.  For  this  situation,  the  population  of  atoms  in  state  n, 
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( 


Nn>  may  be  written  in  terns  of  the  electron  density  Ne,  the  ion 
density  Nj_,  and  the  electron  temperature  T: 


Nn  »  Sn  ~  ~  (h2  9/2tti)3/2  exp (5  Xn) 
Ge  &i 


3.3 


where  B  =  (kT)”1  and  k  is  Boltzmann  constant,  m  is  the  electron  mass, 
and  gn,  Si>  Ge  are  statistical  weights  of  the  atoms,  ions  (2  for 
Hell)  and  the  free  electron,  X„  is  the  binding  energy  of  the 
electron  in  state  n,  and  for  helium  it  is  given  by 

Xn  =  24.586  -  En, 


where  24.586  is  the  first  icr.ization  potential  for  helium  in  electron 
volts  and  En  is  the  energy  of  level  n  above  the  ground  state. 
Equation  3.3  was  first  developed  by  Saha  who  applied  it  to  the  study 
of  ionization  in  stellar  atmospheres  (Fermi,  1966).  Fermi  derived 
the  Saha  equation  by  writing  the  Helmholtz  free  energy  for  the 
system  discussed  above  and  applying  the  condition  for  thermodynamic 
equilibrium  which  requires  that  the  free  energy  be  a  minimum. 

It  will  be  useful  to  knew  the  three -body  recombination 
coefficient  as  a  function  of  the  electron  density  and  temperature. 

The  steady  state  rate  equation  for  the  processes  described  by 
equation  3.1  is 

dNn 

— 0  =  *n  -  Nn  Cn  =  0 
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where  Rn  is  the  recombination  rate  in  units  of  (sec  -  cm3)"1  and  Cn 
is  the  probability  of  ionizing  an  atom  in  state  n.  (See  page  36 
for  justification  of  this  rate  equation.)  The  recombination 
coefficient  for  state  n,  o^,  is  defined  by  the  expression 

Rn  ■  %  Ne  orn 

and  has  units  of  cm3/sec.  Thus,  from  the  above  rate  equation  and 
the  Saha  equation 

an  *  (h3  S/2™)3/2  exP(S  xn)  Cn  3.4 

Be  6i 

By  assuming  the  major  processes  occurring  in  the  box  are  the 
processes  described  by  equation  3.1>  we  have  calculated  the  three- 
body  recombination  coefficient.  Actually,  the  steady  state  require¬ 
ment  is  not  necessary  to  derive  arn;  it  can  be  derived  by  using  a 
less  restrictive  method,  the  principle  of  detailed  balancing. 

The  probability  of  ionizing  an  atom  in  state  n  can  be  calcu¬ 
lated  using  classical  transport  theory  (Huang,  1963).  Considering 
binary  collisions  bet ween  the  free  electrons  and  atoms  of  level  n, 
the  number  of  collisions,  zn,  per  second  per  unit  volume  is  (Huang 
equation  5.1): 

Zn  a  ff  d3va  d3ve  ffn  ve  fa  fe 
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where  fa  and  fe  axe  the  distribution  functions  of  the  atoms  and 
electrons.  va  and  ve  are  the  velocities  of  the  electrons  and  atoms. 
After  integrating  over  the  velocity  space  of  the  atoms,  and  using 
a  Boltzmann  electron  distribution  function  in  terms  of  energy, 

zn  =  V8/mn  Nn  Ile  p3'2  ,  on  (E)  E  exp(-pE)  dE  3.5 

“  o 

an  (E)  is  the  cross  section  for  ionizing  an  atom  in  state  n,  and  is 
taken  as  being  proportional  to  the  square  of  the  impact  parameter  dn 
of  an  electron  with  energy  E  passing  a  bound  electron  with  binding 
energy  Xn  (Hinnov  and  Hirschberg,  1962),  dn  is  given  by  the 
classical  Thomson  formula  (Thomson,  1924): 

d£  -  e4/E  (1/Xn  -  1/E) 

The  cross  section  may  be  written  as 

cn  (E)  *  "d® 

on  (E)  =  Tre4/E  (1/Xn  -  1/E)  3.6 

where  e  is  the  charge  of  the  electron,  Hie  functional  form,  not  the 
absolute  magnitude  of  this  cross  section  is  of  importance.  Hence 
for  this  discussion  the  choice  of  the  proportionality  constant  is 
arbitrary.  Since  a  free  electron  with  energy  less  than  the  binding 
energy  has  zero  probability  of  ionizing  an  atom  in  classical  theory. 
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the  lower  limit  of  the  integral  in  equation  3*5  can  be  replaced  by 
Xn.  zn  can  be  written  as 

Zn  =  Nn  Cn 

where  Cn  in  units  of  sec’1  is: 

Cn  =  ne4  'v/i/rrm  03/2  Ng  f  (i/xn  .  i/E)  exp(-0E)  dE 

By  rewriting  the  integral  in  a  more  convenient  form  (substituting 
z  ■  B(E  -  Xn),  Cn  becomes 

Cn  »  Urre4  (p/^rrm)1/2  Ne  exp(-0Xn)  Fn(0)/Xn  3.7 


where 


The  integral  Fn(9)  cannot  be  integrated  directly.  It  has  the 
following  limits: 

c  00 

-  J0  exp(-z)  42  =  1 

0  -*  0 
T  **  « 


Figure  3.3 

Values  of  the  integral  Fn(3)  as  a  function  of  the 
electron  binding  energy  at  different  electron  temper¬ 


atures 
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TABIE  3.2 
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iuJnW  ‘  l/(SXn)  r 


z  exp(-z)  dz  =  0 


3  -*  » 
T  -•  o 


Therefore,  the  temperature  dependence  of  Fn(r. )  cannot  be  ignored. 

The  results  of  numerically  integrating  Fn(B)  are  shown  on  Fig,  3*3 
and  in  table  3*2, 

The  three-body  recombination  coefficient  can  now  be  written  as: 


«n 


ge  g±  rrm 
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This  is  the  desired  result.  an  is  now  given  as  a  function  of  the 
temperature  and  density  of  the  electrons,  Note  that  the  rate  for 
three-body  recombination,  Rn,  is  proportional  to  the  square  of  the 
electron  density,  since  c'n  is  proportional  to  Ne,  This  is  what  one 
would  expect,  since  every  time  there  is  a  recombination  event  it 
involves  two  electrons. 

This  concludes  the  discussion  of  the  single  mode  electron  dis¬ 
tribution,  The  three-body  recombination  coefficient  and  the  proba¬ 
bility  of  ionizing  an  atom  in  state  n  have  been  derived  as  functions 
of  the  electron  temperature  and  density.  As  stated  in  section  3»1> 
the  single  mode  distribution  is  useful  to  explain  the  experimental 
data  only  when  the  principle  quantum  number  is  greater  than  six. 

Now  assume  that  the  box  contains  helium  atoms,  helium  ions,  and 
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a  non-Maxwe  Ilian  distribution  of  electrons.  As  a  first  order  approx¬ 
imation,  we  assume  that  this  distribution  can  be  expressed  in  terms 
of  two  non-interacting  thermal  electron  distributions  with  different 
temperatures  and  densities.  Also  we  assume  that  the  most  probable 
interactions  among  all  the  particles  in  the  box  are  ionization  from 
an  excited  state,  and  three-body  recombination  of  electrons. 
Futhermore,  the  electron  group  with  the  highest  temperature  will  be 
the  most  likely  one  to  participate  in  ionization,  while  the  lower 
temperature  group  will  be  more  likely  to  participate  in  recombina¬ 
tion.  Thus,  the  most  probable  energy  exchange  processes  occurring 
in  the  box  arc 

He+  +  ex  +  cx  He*  +  e2  3,10 

where  ex  is  a  member  of  the  low  energy  group,  and  es  is  a  member  of 
the  high  energy  group  of  electrons,  Equation  3»10  means  that  low 
energy  electrons  will  recombine  with  ions  and  produce  a  high  energy 
electron  while  leaving  the  atom  in  one  of  its  energy  states.  This 
high  energy  electron  can  then  ionize  an  atom  in  any  one  of  its 
energy  states  and  produce  two  low  energy  electrons.  It  may  be 
possible  that  these  two  processes  can  maintain  ionization  in  plasmas 
for  some  time.  Factors  working  against  these  processes  which  are  not 
built  into  the  model  are  electron-electron  relaxation,  'linked' 
diffusion  of  electrons  and  radiation.  These  processes  and  their 
experimental  effects  will  be  discussed  in  section  3»7  and  3*8. 
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The  steady  state  rate  equation  can  be  written  as: 

^  l«n  -  Nn  >Cn  *  Mi  Nea  a(*n  -  aC„  -  0  3.11 

dt 

where  the  1 ,  2  denote  quantities  v/hich  pertain  to  the  low,  and  high 
energy  group  of  electrons  respectively.  Terms  which  are  concerned 
with  the  transfer  of  bound  electrons  during  collisions  between 
excited  helium  atoms  and  electrons  are  neglected  in  this  rate 
equation.  These  terms  are  assumed  to  be  negligible  because  the 
ionizing  cross  sections  (from  excited  states)  are  large  compared  with 
the  cross  sections  for  the  transfer  of  a  bound  electron,  (it  was 
difficult  to  justify  this  assumption  because  no  theoretical  or 
experimental  information  on  ionization  from  excited  states  could  be 
located.)  Cascading  terms  are  neglected  because  of  the  general  shape 
of  the  population  curve  (Fig.  3.2)  and  because  of  the  frequency  to 
the  fourth  term  present  in  the  expression  for  the  transition 
probabilities.  Radiation  terms  are  neglected  because  the  ionizing 
collision  time  is  less  than  the  radiation  time  (see  page  51). 

Solving  for  N  *  we  have 


N, 


n 


wiNei 


(*”n  +  o  8frn) 
lCn  +  2Cn 


3.12 


where  o  =  Nea/Nei.  Using  equations  3,4  and  3.7»  the  population 


density  becomes: 


37 


Saha 


Nn  (Px»Nei)l 


fl  +  ^r/^n  (PB2Ai)S 


1  +  r, 


n 


where 

rn  =  2Cn/XCn  =  p(P2/£i)1/2  (£?n/XFn)  e*P(Pi  *  3.13 

SahaWn  ^  j  is  S;ha  -emulation  for  the  low  energy  group  of 
electrons  given  by  equation  3.2.  It  is  useful  to  rewrite  equation 
3  .lc:  as 

N„  -  bn  Soh%  (n,,Ne>)  3.14 


where 

1  +  2Fn/lFn  (p3c/Sx)3 

bn  ■  - 

1  +  rn 

and 

Nn  a  ®abaNn(Bx ,Nex )  +  rn  ®a“aKn(ga,Nea)  l/(l  +  rn)  3.15 

Table  3.3  lists  the  values  of  the  pertinent  quantities  discussed  above 
for  Tx  =  1400  K,  Ts  =  11,500  K  and  o  =  0.07.  The  results  for  Nn  are 
shown  by  the  curve  in  Fig.  3*^.  The  population  density  can  be 
calculated  as  a  function  of  the  principle  quantum  number  given  the 
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three  parameters,  the  temperatures  of  the  two  distributions  and  the 
relative  density  bet  ween  cr.em. 

From  equation  3.15  and  the  values  of  rn  from  table  3.3,  the 
asymptotic  limits  of  Nn  are: 

c/x„v  \  -  SahaN„(92,Hea)  Since  rn  >  1, 

n  <  5 


f 

n  >  6 


since  rn  <  1. 


The  above  asymptotic  behavior  means  that  the  logarithm  of  the 
population  density  should  approach  a  linear  dependence  as  a  function 
of  the  electron  binding  energy  for  both  large  and  small  n.  This  can 
be  seen  in  Fig.  3.2. 

It  is  necessary  to  consider  the  following  when  studying  the 
asymptotic  behavior  for  r.  >  6.  For  the  present  situation,  the  Saha 
equation  provides  a  valid  description  of  the  level  population  for  a 
value  of  the  principle  quantum  number  of  less  than  thirteen.  The 
population  of  the  levels  for  n  >  13  is  less  than  one  would  expect 
from  the  Saha  equation  because  the  electron  binding  energies  for 
n  >  13  fall  within  the  range  of  the  energy  spectrum  of  the  room  tem¬ 
perature  ambient  gas  of  the  plasma.  In  other  words,  a  significant 
fraction  of  ambient  gas  rtcr.s  have  sufficient  energy  to  ionize 
helium  atoms  which  are  populated  in  these  states.  In  addition,  an 
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estimate  of  the  time  between  collisions  indicates  that  it  is  less 
than  the  radiative  lifetime  (10-6  see)  of  excited  helium  atoms  for 
n>  13.  Thus,  for  these  states^, collisions  with  the  room  temperature 
helium  atoms  should  be  t alien  into  account, 

3.4  Data  Interpretation 

The  two  electron  temperature  model  for  the  population  density 
(equation  3.15)  was  fit  to  the  experimental  data  by  using  a  computer 
program  which  finds  a  least-squares  estimation  of  nonlinear  param¬ 
eters  (Marquardt,  1963).  The  program  adjusts  the  parameters  to 
minimize  the  sum  of  the  squares  of  the  difference  between  the 
theoretical  model  and  the  experimental  data.  The  best  fit  of  the 
data  was  obtained  when  the  data  points  were  weighted  by  the  square 
of  the  reciprocal  of  the  error  per  data  point.  This  was  important 
in  the  present  experiment  since  the  error  per  data  point  varied 
considerably  (see  section  3.2).  The  results  of  this  fit  are  shown 
on  Fig,  3.2,  Table  3.4  indicates  the  results  of  parameterizing  the 
experimental  data  which  was  taken  at  different  electrode  currents  and 
two  positions  in  the  afterglow.  The  estimated  accuracy  of  the 
temperatures  indicated  in  the  table  is  ±  1%,  All  data  was  taken  at 
a  pressure  of  one  torr  and  a  helium  flow  rate  of  approximately 
6xl021  atoms  per  3ec  (275  atm-cc/sec). 

The  values  for  Tx  are  in  good  agreement  with  other  workers, 
Collins  and  Robertson  (1964a)  reported  a  value  of  1700  K  (0.15eV) 
for  the  temperature  of  the  low  energy  group  of  electrons  in  a 
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TABLE  3.4 


#1  « - 

Position  in  Afterglow 

— *  #2 

T| 

1400  K 

Current 

100  tna 

940  K 

Ta 

11400 

10000 

P 

0.11 

0.12 

Ti 

1400  K 

250 

1100  K 

Ta 

11400 

9700 

P 

0.08 

0.11 

Ti 

1400  K 

500 

1700  K 

Ta 

11500 

10100 

P 


0.07 


0.2 
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flowing  helium  afterglow  at  a  pressure  of  20  torr.  This  is  a  typical 
value  for  the  parameter  Tx  (see  section  3. 9).  The  temperature  of 
the  low  energy  group  of  electrons  remained  fairly  constant  through 
spatial  and  electrode  current  changes,  as  can  be  seen  from  table 
3.4.  The  main  source  of  the  low  energy  electrons  is  ionization,  as 
can  be  seen  from  equation  3*10.  In  addition,  a  few  low  energy 
electrons  will  result  from  elastic  collisions  with  high  energy 
electrons  (see  section  3*7) • 

As  seen  from  tabic  3.4,  the  temperature  of  the  high  energy 
group  increased  slightly  when  measured  closer  to  the  discharge,  but 
did  not  change  when  the  electrode  current  was  varied.  The  value  of 
Ta  is  about  104  K  (lev),  just  about  one  order  of  magnitude  greater 
than  Tt.  The  only  results  which  are  available  for  comparison  are 
those  of  Thornton  (1968),  He  measured  the  temperature  of  the  high 
energy  electrons  in  a  sole  no  idal- coil  type  rf  discharge  tube  to  be 
10  ±  5eV  by  using  a  double  Langmuir  probe.  A  comparison  between 
this  result  and  the  result  of  the  present  experiment  may  not  be 
meaningful  since  the  latter  applied  to  the  afterglow  region  rather 
than  to  the  discharge.  The  method  of  measurement  is  also  different; 
Langmuir  probe  measurements  tend  to  be  higher  than  the  actual 
electron  temperature  (Powers,  1966),  while  spectroscopic  measure¬ 
ments  based  on  the  Saha  equation  are  more  accurate  since  the  plasma 
is  not  perturbed  by  the  presence  of  a  probe. 

To  a  large  degree,  the  value  of  Ta  depends  on  the  energy  level 
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structure  of  the  helium  atoms.  This  is  illustrated  by  considering 
the  source  of  the  high  energy  electrons.  As  discussed  in  section 
3.1,  the  higher  energy  electrons  are  produced  during  three-body 
recombination.  The  energy  which  is  released  during  the  capturing  of 
a  low  energy  electron  is  transferred  to  a  second  electron  (the  third 
body).  The  magnitude  of  this  released  energy  depends  on  which 
energy  state  the  helium  atom  is  left  in  after  the  recombination  event. 
Thus,  the  energy  spectrum  of  the  electrons  depends  on  the  value  of 
these  various  energy  states  in  the  helium  atom.  Furthermore, 
repeated  ionization  by  a  high  energy  electron  may  explain  why  the 
distribution  for  the  high  energy  electrons  appears  to  be  thermal. 

For  example,  a  20eV  electron  may  ionize  many  atoms  which  are 
populated  only  a  few  el  ctron  volts  from  the  ionization  limit  prior 
to  losing  its  energy. 

Before  discussing  the  significance  of  the  changes  in  p,  the 
density  ratio  of  high  energy  electrons  to  low  energy  electrons,  it 
is  necessary  to  point  out  that  the  intensity  of  the  light  emitted 
from  position  #1  was  about  nine  times  the  intensity  of  the  light 
emitted  from  position  #2,  Using  equations  3.2  and  3.3  and  from  the 
fact  that  the  density  of  atomic  helium  ions  is  about  equal  to  the 
electron  density  Nel  (Collins  and  Robertson,  1964a),  the  density  of 
low  energy  electrons  and  the  ion  density  were  each  about  a  factor 
of  tiiree  larger  at  position  jpl  than  at  position  #2,  This  will  be 
useful  in  discussing  the  spatial  changes  of  p. 
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As  observed,  from  table  3»^»  P  is  slightly  larger  at  position 
#2  in  the  afterglow.  This  means  that  the  number  of  high  energy 
electrons  increases  relative  to  the  low  energy  ones  as  the  distance 
from  the  discharge  into  the  afterglow  increased.  Why  should  this 
be?  One  possible  explanation  is  that  this  is  just  a  matter  of 
"name  calling"  since  the  temperature  of  the  high  energy  electrons 
at  position  #1  is  larger  than  the  temperature  at  position  fr2.  The 
energy  contained  in  the  high  energy  electron  distribution  at  both 
positions  in  the  afterglow  may  be  about  equal;  there  are  either 
less  electrons  with  more  energy  per  electron,  or  there  are  more 
electrons  with  less  energy  per  electron.  However,  there  will  be  a 
point  in  the  afterglow  where  o  would  begin  to  decrease  with  increas¬ 
ing  distance  from  the  discharge  due  to  'linked'  diffusion  and  re¬ 
laxation  of  the  high  energy  electrons  (see  section  3«7  and  3»8)»  It 
would  be  helpful  to  study  the  spatial  dependence  of  p  in  more  detail. 

Pressure  studies  of  the  intensity  of  the  light  emitted  from 
the  plasma  were  not  made.  All  data  was  taken  at  a  pressure  of  one 
torr.  A  pressure  dependence  may  be  predicted  by  using  the  ideal 
gas  approximation  that  the  ion  density  is  directly  proportional  to 
the  pressure.  Using  equation  3*2,  3*3  and  3*1^  and  the  fact  that 
the  ion  density  is  about  equal  to  the  low  energy  electron  density, 
the  pressure  (P)  dependence  of  the  light  intensity  (i)  may  be 
written  as: 


I  a  Pa 


where  1  <  a  <  2 
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This  assumes  that  no  other  energy  exchange  processes  will  occur  as 
the  pressure  varies*  For  example,  in  the  present  source,  a  strong 
emission  from  a  neon  impurity  is  observed  when  the  pressure  is  in 
the  neighborhood  of  10  torr.  The  energy  exchange  mechanism  becomes 
more  complicated  and  the  assumption  used  to  arrive  at  the  above 
relationship  may  no  longer  be  valid.  In  addition,  as  the  pressure 
increases  in  the  plasma,  the  intensity  of  light  from  molecular 
helium  increases,  indicating  that  the  concentration  of  the  helium 
molecular  ion  has  increased  (see  section  3»9).  Since  the  total 
charge  of  the  plasma  is  zero,  the  assumption  that  densities  of 
electrons  and  atomic  ions  are  equal  becomes  loss  realistic. 

More  experimental  studies  are  needed  to  help  substantiate  the 
above  discussion.  Variable  ambient  temperature  and  pressure 
measurements  should  be  made.  Absolute  intensity  measurements  should 
be  made  in  order  to  measure  the  density  of  the  low  energy  electrons. 
Also  spatial  measurements  of  Nel  would  be  useful. 

3.5  Application  to  Stellar  Atmospheres 

Saha  first  developed  his  equation  to  explain  ionization  in 
stellar  atmospheres.  Since  in  these  atmospheres  the  electron 
density  is  about  1012  cn"a,  one  probable  mechanism  for  radiation  of 
light  is  three-body  recombination.  Thus,  the  energy  exchange 
mechanisms  may  be  similar  to  those  in  the  heli.um  plasma,  and  the 
two  electron  temperature  model  may  be  useful  in  interpreting  the 
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relative  intensity  of  spectra  from  these  atmospheres. 

Aller  (1968)  writes  the  Saha  equation  in  the  following  form: 

Nn  =  bn  SahaNn(Bx,IIel) 

where  bn  is  a  factor  which  measures  the  degree  of  departure  from 
thermodynamic  equilibrium  at  the  electron  temperature  T,  This  is 
the  exact  form  of  equation  3«1^  where 

1  +  aFn/lPn  (p3a/3x)a 

b  s  - 

1  *rn 

It  would  be  worthv/hile  to  know  if  the  data  from  stellar  atmospheres 
could  be  interpreted  with  the  three  parameters  used  to  describe  the 
emission  of  atomic  light  from  the  helium  plasma. 


3.6  The  Three-Body  Recombination  Coefficient 

It  is  of  interest  to  calculate  the  total  recombination 
coefficient  for  electrons  in  the  helium  plasma  as  a  function  of  the 
three  parameters  used  to  describe  the  two  electron  temperature 
model.  From  equation  3.1-  an  effective  recombination  coefficient 
can  be  .written: 


°n(“i  >"s)  3  +  ? 


'O', 


n 


(V(Ni  Nei))(lcn 


147 


•..■here  lin  is  ^Lvon  by  equnt4on  3 •  lU •  linin';  equations  3.7  and  3.'^» 
rn(  x  can  be  expressed  ;.a: 

•  >»„  (i « ivy  (.  *.*»)«) 

Kron  tables  i.j,  it  cii  be  seen  that  the  product  of  terms  involving 
the  ratio  of  the  electron  teeweraturoa  is  Much  less  than  one.  Thus 
cn(  x»r?)  is  essentially  ~ivcn  by  the  record)  Irr  t  '.on  coefficient  for 
the  la./  on .’ivy  el  e irons,  xc„.  Substituting  the  value  of  th  con- 

M 

stunts  ir.  equation  3.  >  the  total  recombination  coefficient  r  nay  be 
frit*  *'n  ns: 


■  ^  :«  (  x »  a ) 
n 

r.(  ca^/sec)  *» 


n. 


(!.••  x  io "=v)  (;:.x  l  (x ••  j.  (‘VS)8)  ea/xn 


L. 

n=l 


here  ~  is  in  units  cf  (c7)*x  and  ;.n  is  in  units  of  aV. 

The  cutoff  value  of  th:  principle  iur.ntu.s  number  nc  is  determined 
from  th  validity  of  the  rate  equation  3.11  fix.;  hich  the  above 
.•njjvsslcn  as  f.erlv-  .  this  rate  equation  allots  for  Ionisation  end 
:•  ec  .bl:.  s.cr.  of  .1  cvrcr.s.  Other  ..;ecl:-nis:;s  such  as  collisions  ;lth 
*  u  i  .  wC  .a  j <  i„cl. l* .lx-  u  ant  vi‘Qi*u.or  0*.  cow*. J  electrons 

beco  i*  ,.ortas:t  at  Itvj.r  values  o  th  principle  nuantun  number. 


Aocordinc  to  tho  discussion  cr.  pn^o  3.,-  end  *;0,  nc  Sc  abcut 
th.rtocn.  In  order  to  ccIjuI* to  the  contribution  to  th  recon- 
b l nation  coefficient  for  ::r*.s  with  n  >  12,  th;  rr.tc  equation  2.11 
must  bo  modified  to  tahe  ir.tc  account  other  energy  exchange 
mechanisms. 


The  recombination  coefficient  is  most  sensitive  to  t 
terjperature  of  t.;u  low  cr.o  electrons  since  the  probability  Is 
greater  that  the  low  cr.e.v;*  electrons  will  recombine  v;.th  helium 
ions  rather  then  the  hijh  e::sr&'  electrons.  The  contributions 
of  the  hish  energy  electrons  to  the  recombination  ccoffici-.nt  is 
very  small  for  the  ran.~c  cf  parameters  used  in  tho  present 
experiment. 

There  are  two  features  Ir.  the  above  expression  which  differ 
from  existing  theories.  First  is  the  inclusion  of  t..o  rimcdal 
electron  distribution  function  approximated  by  th  cur.  of  two 
distribution  functions  at  different  densities  and  tempo rr.tures. 
Second,  tho  presently  accepted  theory  has  acr.u-r.cd  r.  constant 
value  of  2/5  for  tho  intejr: 1  Fn  defined  by  equation  2.^  (Hinnov 
end  ilirschbcrc,  As  mentioned  in  section  this  intecr.il 

has  a  very  definite  t  jotLOF dope**..  ?  nee  which  should  b  con¬ 
sidered.  Mere  important,  nr  over,  is  the  donc-nd-utco  of  th  intojjr 
on  the  principle  •quantum  rnv  ber.  Fre.r.  table  2*3,  it  is  re  or.  th°t 
a  temperature  of  lhOO  K,  th? 


value  of  this  integral  ehar.jec  by  a  f 


49 

factor  of  fifteen  front  n  ■  2  to  n  ■  11. 

It  io  significant  to  noto  that  the  expression  for  the  recom¬ 
bination  coefficient  was  derived  fror..  evidence  based  on 
npcctroscopic  data.  The  temperature  dependence  of  o  should  be  con¬ 
firmed  directly  from  experiment. 

3.7  Elect  ror. -Electron  Relaxation 

An  order  of  magnitude  estimate  of  the  relaxation  tine  between 
two  Boltzmann  distributions  of  electrons  is  necessary  to  learn  if 
the  high  energy  group  of  electrons  can  last  lone  enough  in  the 
plasma  to  lose  their  energy  by  ionizing  helium  atoms  rather  than  by 
losing  it  through  elastic  collisions  with  the  low  energy  group  of 
electrons.  The  problem  of  electron-electron  relaxation  can  bo  dis¬ 
cussed  using  the  formulism  of  Spitzor  (1962,  19<h0).  He  considers 
the  rate  at  which  equipartition  of  energy  is  established  between 
two  groups  of  charged  particles.  Both  groups  arc  assumed  to  be 
described  by  a  Boltzmann  distribution  function,  Spitzor’ s  results 
apply  to  fully  ionized  gases.  It  is  assumed  that  these  results 
apply  to  the  present  case  (to  within  an  order  of  magnitude)  even 
though  there  is  a  large  neutral  density  in  the  plasma.  It  is  not 
the  purpose  here  to  give  a  detailed  description  of  Spitzer’s  work, 
but  only  to  present  the  results  in  order  that  they  may  be  applied 
to  the  present  problem. 

The  time  constant  for  approach  to  equilibrium  is  taken  as  the 
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relaxation  tino  tr.  By  requiring  conservation  of  energy,  the 
following  expression  for  tr  can  be  written  (Spitaer  equation  5-31): 


tr  m 


x  10"s  sec 


3.16 


whore  Tn  is  the  temperature  of  the  high  energy  electrons  und  IIcl  is 
density  of  the  low  energy  croup,  This  expression  takes  into  con¬ 
sideration  the  center  of  mass  motion  of  the  electrons,  but  is  only 
valid  when  the  temperature  of  the  low  energy  croup  is  much  less  than 
T„,  There  is  no  problem  in  applying  equation  3.16  to  the  present 
situation  since 


Tj/Tj  «  10 

The  estimated  accuracy  of  tr  calculated  by  equation  3.16  is  about 
one  order  of  macnitude. 

Knowledge  of  the  electron  density  Ncl  is  the  most  important 
factor  in  determining  the  relaxation  time  since  HC1  can  vary  as 
much  as  three  orders  of  magnitude  in  various  helium  plasmas,  while 
the  temperature  of  the  hiGh  energy  electrons  can  vary  only  about  a 
factor  of  two  or  three.  The  electron  density  can  be  measured  by 
performing  an  absolute  calibration  of  the  light  emitted  from  the 
plasma  and  by  using  equation  3.1^.  This  measurement  was  not  done 
for  the  present  set  of  experiments  because  the  value  Hel  was  not 
needed  elsewhere  in  the  discussion  of  the  theory,  and  because  of 
the  inherent  difficulty  in  this  type  of  measurement.  The  density 
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of  the  low  energy  electrons  was  estimated  to  be  on  the  order  of  10u 
cm-3  (Ferguson,  ct  al.  1£<>9)«  With  this  estimate  of  electron 
density  and  with  a  value  for  Ta  of  104  K,  the  approximate  value  for 
the  relaxation  time  is  10"7  see* 

An  estimate  of  the  reciprocal  of  the  collision  frequency 
between  the  high  energy  electrons  and  the  helium  atoms  in  the 
plasma  would  give  n  meaningful  comparison  with  the  electron  relax¬ 
ation  time.  For  a  pressure  of  or.c  torr  and  gas  temperature  of 
300  K,  the  density  of  helium  atoms  is  about  10l°  era-3.  Since  we  arc 
assuming  the  primary  mechanism  in  which  electrons  lose  their  energy 
is  by  ionizing  helium  atoms  from  an  excited  state,  it  is  necessary 
to  estimate  the  density  of  excited  state  atoms  ir»  the  plasma. 
Assuming  that  one  helium  atom  in  sen  thousand  is  in  any  state  other 
thnn  the  ground  state,  the  excited  state  density  is  about  10la  cm"3. 
The  collision  frequency  v  for  electrons  colliding  with  excited 
helium  atoms  of  density  11  can  be  written  as: 

v  B  r  II  V  *  107  see-1 

where  c  is  the  ionization  cross  section  determined  from  equation 
3.6  to  be  about  10-13  err,  and  V  is  the  velocity  of  a  leV  electron, 
5.9  :•  10"  c.m/scc,  Thus,  an  order  of  magnitude  estimate  of  the  time 
between  "ionizing"  collision  is  about  10-7  see.  It  is  important  to 
note  that  th:  lifetime  for  excited  states  in  helium  ranges  from 
10"7  see  for  small  values  of  the  principle  quantum  number  to  10"B 


sec  for  large  values  of  n.  Thus,  the  excited  helium  atoms  will  last 


!>2 


long  enough  to  be  ionised  by  this  high  energy  electron* 

The  electron-electron  relaxation  tine  is  about  the  sane  or 
•lightly  longer  than  the  "ionising"  collision  tine.  In  summary 
then,  the  high  energy  electron  lose  their  energy  both  by  ionizing 
helium  atoms  and  by  clastic  scattering  with  the  low  energy  electrons. 

3*8  'Linked'  Diffusion  of  Electrons 

It  has  been  established  that  there  are  two  electron  temper¬ 
atures  in  the  helium  plasma.  Up  to  this  point,  it  has  not  been 
necessary  to  discuss  the  ambient  temperature  of  the  plasma.  This  is 
because  the  electrons  lose  very  little  energy  by  elastic  collisions 
with  heavy  particles.  The  overage  fractional  energy  loss  per 
collision  for  electrons  colliding  with  helium  atoms  is 

2m/M  «  0.0003 

where  M  is  the  mass  of  the  helium  atom.  The  electrons  must  have 
many  clastie  collisions  with  the  helium  species  in  order  to  lose  an 
appreciable  amount  of  their  energy.  Thus,  three  temperatures  can 
be  used  to  describe  the  plasma;  the  ambient  gas  temperature  (300  K) 
and  two  electron  temperatures  (103  and  10’‘  k). 

The  effect  of  the  temperature  difference  between  the  electron 
and  the  ambient  temperatures  can  be  described  by  'linked'  diffusion 
of  electrons  (Hasted,  1S?64)  •  If  the  plasma  is  contained  in  a 
bottle  whose  dimensions  are  greater  than  the  Debye  length  for 
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electrons,  the  * linked 1  diffusion  is  called  nr.bipolar,  For  the 
present  situation,  the*  Debye  length  is  about  10“*  cm,  while  the 
container  dimensions  arc  on  the  order  of  centimeters.  Thus,  the 
electron  diffusion  is  controlled  by  ambipolar  diffusion.  This  neons 
that  the  electrons  ?;ovc  outward  towards  the  walls  where  thoy  remain 
or  move  alone,  the  surface  until  they  finally  recombine  with 
positive  ions.  Eventually,  the  ions  migrate  to  the  walls  because 
they  find  themselves  surrounded  by  a  new  positive  charge  created  by 
the  ubscncc  of  electrons,  and  they  feel  on  attraction  towards  the 
walls  from  the  excess  amount  of  electrons  present  there.  Hasted 
writes  the  temperature  dependence  of  the  ambipolar  diffusion 
coefficient  as: 

»a  »  tV|(1  ■  T0/T,aa)  3.1Y 

where  Tc  is  the  electron  temperature,  and  Tcas  is  the  ambient  gas 
temperature. 

Equation  3,17  means  the  higher  the  electron  temperature  is  with 
respect  to  the  gas  temperature,  the  greater  the  diffusion  of 
electrons.  In  addition,  when  two  electron  distributions  are 
present,  the  higher  energy  group  will  diffuse  more  than  the  low 
energy  group.  The  ratio  of  the  diffusion  coefficient  for  the  two 
electron  groups  discussed  in  the  present  experiment  is: 
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HiCh  temperature  eloctrons  diffuse  to  the  walls  about  eight  tir.ee 
faster  than  their  low  energy  parsers.  It  is  this  fact  alone  with 
the  electron-electron  relaxation  which  explains  why  the  ratio  of 
the  densities  of  the  high  energy  group  to  the  low  energy  group  (o) 
is  less  than  one* 

An  apForatus  sinllar  to  that  shown  in  Pin.  2.1  was  used  to 
lc&rn  what  the  experimental  results  would  be  if  the  vessel  contain¬ 
ing  the  helium  plasma  were  hept  at  liquid  nitrogen  temperature 
(77  K).  The  entire  flow  apparatus  was  surrounded  with  liquid 
nitrocen  which  was  contained  in  a  -lass  dewar.  At  the  start,  the 
plasma  showed  its  characteristic  pin):  color,  but  when  the  liquid 
nitrogen  was  added  to  the  dewar,  the  afterglow  was  quenched.  Pin1: 
light  from  the  discharge  region  could  still  be  seen,  indicating  that 
the  electrons  wore  absorbing  energy  from  the  electric  field  present 
in  the  discharge  region.  The  quenching  of  the  afterglow  was  due  to 
the  effects  of  ambipolax  diffusion.  V.'hon  the  gas  temperature 
approached  77  K,  the  diffusion  of  the  high  energy  electrons  was  in¬ 
creased  by  about  a  factor  of  two  (see  equation  3.17).  Since  it  is 
these  high  energy  electrons  which  maintain  ionization  in  the  after¬ 
glow,  the  increased  diffusion  brought  on  by  reducing  the  gas  tem¬ 
perature  was  sufficient  to  reduce  the  level  of  ionization  to  the 
point  where  equation  3.11  was  r.o  longer  valid,  and  the  atomic 
emission  of  radiation  stopped.  The  rate  of  diffusion  of  the  low 
energy  electrons  also  increased,  cut  since  they  are  more  numerous 
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than  the  high  ener<y  electrons,  and  their  main  function  io  to 
participate  In  recombination,  thoir  increased  loss  wuo  not  as 
important  in  maintain  in-;  the  afterglow  aa  was  the  reduction  of 
thoir  higher  cner.;:y  partners. 

3.9  General  Discussion  cf  the  .’jrdel 

Prom  the  evidence  presented,  the  blmodal  electron  distribution 
is  a  convenient  method  for  describing  the  nctual  electron  distrib¬ 
ution  function  in  the  helium.  plasma.  The  high  energy  electrons  do 
cnist  long  enough  to  ionise  aton3  before  relaxing  to  their  low 
energy  partners.  Thus,  the  high  energy  electrons  must  be  con¬ 
sidered  as  another  energetic  species  present  in  the  helium  plasma. 
This  is  verified  in  the  following  chapter  where  one  of  the 
mechanisms  for  producing  excited  atomic  nitrogen  involves  collisior.3 
between  those  electrons  and  ground  state  nitrogen  atoms. 

The  high  energy  limit  for  these  electrons  is  the  first 
ionisation  limit  for  helium.  (dU. 590V).  An  electron  with  this 
energy  is  produced  when  a  low  energy  electron  io  captured  by  a 
helium  ion,  and  the  resulting  atom  is  left  in  the  ground  state. 

The  excess  energy  is  2h.5?eV  and  is  carried  off  by  the  high  energy 
electron.  Another  possible  mechanism  for  production  of  high  energy 
electrons  in  the  plasma  involves  ouperelastic  collisions  between 
electrons  and  the  metastatic  helium  species: 

p.jM  +  c  — .  He  +  c2 
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When  a  metastable  atom  coll  lie*  with  an  electron,  the  mctastablc 
atom  will  de-excitc  to  the  ground  otate,  imparting  the  excitation 
energy  to  the  electron. 

The  energy  distribution  Unction  for  electrons  described  by  the 
two  electron  temperature  model  can  be  written  os: 


d£ 


}x3^2  exp(-exS)  •  oS^2  exp(-*tE)) 


where  E  ia  the  electron  energy.  A  graph  of  the  energy  distribution 
function  is  sh'vwn  in  Fig.  3.“.  From  this  figure  <  ne  can  understond 
why  conductivity,  microwave  phase  shift,  and  ordinory  1.  ngmuir  probe 
measurements  have  flailed  to  detect  the  snail  high  energy  tail 
indicated  on  the  figure.  These  measurements  are  mainly  sensitive 
to  the  more  numerous  low  energy  group  of  electrons. 


Figure  3.4 

The  dotted  curve  is  the  Maxwell-Boltzmann  energy  dis¬ 
tribution  function  for  electrons  at  a  temperature  of 
1400  K.  The  solid  curve  is  the  first  order  approxi¬ 
mation  to  the  actual  energy  distribution  function  for 
electrons  in  a  helium  plasma.  It  was  calculated  from 
the  folio  ring  parameters:  Tj  «  1400  K,  Ts  ■  11500  K, 
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Fig.  3*5  shows  the  experimental  data  of  Thornton  fit  by  the 
two  electron  temperature  model.  He  observed  light  from  the  nd  °D 
series  in  a  solenoidal-coil  type  rf  discharge  tube  at  a  pressure  of 
0.037  torr.  Thornton  reported  a  value  for  kTt  of  O.leV  which  is 
in  agreement  with  the  present  analysis.  His  value  for  p  was  0.03  as 
compared  with  the  value  of  0.05  from  the  present  calculation. 

Fig.  3.6  indicates  the  results  of  Hinnov  and  Hirschberg’s 
experiment  in  which  light  from  the  nd  aD  series  in  helium  was 
observed  from  the  magnetically  confined  quiescent  afterglow  of  the 
B-l  stellarator.  The  time-resolved  intensities  of  the  light  emitted 
from  this  series  was  observed  during  the  peak  of  the  afterglow,  one 
half  and  one  millisecond  later  at  a  pressure  near  10"3  torr.  The 
curves  shown  on  the  figure  represent  the  value  of  the  calculated 
populations  based  on  the  two  electron  temperature  model.  The 
parameters  used  in  the  calculation  are  indicated  on  the  figure. 
Hinnov  and  Hirschberg  reported  similar  values  fbr  kTx.  The  value 
of  the  temperature  for  the  high  energy  group  of  electrons  may  not 
be  too  meaningful  since  the  range  of  the  electron  binding  energy  is 
limited  for  the  nd  3D  scries.  It  is  important  to  note  that  the 
general  relative  position  of  the  experimental  points  shown  on  this 
figure  and  figures  3»2  and  3*5  is  the  same  whether  the  plasma  was 
maintained  by  a  rf  or  dc  field,  whether  the  light  from  the  helium 
was  observed  in  the  discharge  or  afterglow,  or  whether  a  magnetic 
field  was  present. 
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It  is  pertinent  to  discuss  the  formation  and  destruction  of 
the  atomic  metastable  species  in  the  plasma.  These  metastables  are 
populated  by  the  same  method  in  which  all  other  excited  states  are 
populated  with  the  addition  of  cascading  from  the  upper  levels.  The 
two  main  processes  in  which  the  metastable  are  de-populated  are  by 
superelastic  collisions  with  electrons  and  by  molecule  formation. 

The  latter  is  verified  by  the  detection  of  He2  emission  in  the 
afterglow  (see  Fig.  2.3),  Excited  Hea  is  formed  in  the  following 
reactions : 

HeM  +  He  — *  HeJ  +  e 
He+  +  2e  — ■>  HeJ  +  e 

Collisions  between  metastable  and  ground  state  atoms  forms  HeJ  in 
the  ground  state.  Light  from  molecular  helium  is  produced  by 
collisional-radiative  re combination  of  HeJ  (Collins  and  Robertson, 
1964b).  Thus  the  presence  of  excited  molecular  helium  can  be 
traced  to  the  basic  mechanisms  occurring  in  the  plasma:  ionization 
and  recombination  of  electrons. 

As  stated  previously,  the  helium  plasma  can  be  described  by 
three  temperatures:  the  ambient  gas  temperature,  and  two  electron 
temperatures.  The  major  factor  in  determining  the 
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temperature  of  the  high  energy  distribution  is  the  internal  energy- 
level  structure  of  helium.  These  electrons  appear  to  be  thermal 
because  they  are  initially  formed  in  a  thermal  distribution. 

The  main  souree  of  the  high  energy  electrons  is  three-body 
recombination  of  electrons.  Another  souree  of  these  electrons  may 
be  superelastie  collisions  between  metastable  helium  atoms  and 
electrons.  The  energy  of  these  high  temperature  electrons  is  dis¬ 
sipated  in  the  plasma  by  ionization,  by  elastie  scattering  with  low 
temperature  electrons  and  by  collisions  with  walls.  The  density  of 
these  electrons  is  less  than  the  low  energy  group  beeause  of 
eleetron-electron  relaxation  and  the  increased  rate  of  diffusion 
to  the  walls.  The  effeet  of  this  diffusion  to  the  walls  was 
increased  by  eooling  the  plasma  until  all  emission  from  the  after¬ 
glow  stopped,  A  similar  quenching  result  was  observed  when  a  rf 
field  was  directed  towards  the  afterglow  (see  Fig.  4,5)  •  As 
stated  in  seetion  2.3,  the  result  of  applying  the  rf  field  to  the 
afterglow  was  to  heat  the  low  energy  electrons.  Both  the  cooling 
of  the  plasma,  and  the  application  of  the  rf  field  produced  the 
same  result  because  the  anbipolar  diffusion  eoeffieient  depends  on 
the  ratio  of  the  electron  to  ambient  gas  temperatures.  In  the 
former  situation,  the  diffusion  coefficient  for  high  energy 
electrons  was  increased  by  lowering  the  gas  temperature,  while  in 
the  latter,  the  diffusion  eoeffieient  for  low  energy  became  larger 
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by  increasing  the  temperature  of  the  low  energy  electrons.  Thus, 
cooling  the  plasma  reduced  the  amount  of  ionization  to  a  level 
where  the  plasma  could  no  longer  sustain  itself,  and  the  application 
of  the  rf  field  inhibited  recombination  to  the  point  where  the 
plasma  could  no  longer  be  maintained. 

Spectroscopic  evidence  indicates  that  the  distribution 
function  used  to  describe  the  electrons  in  a  helium  plasma  is  bimodal 
consisting  of  a  group  of  electrons  described  by  a  temperature  which 
is  approximately  one  order  of  magnitude  greater  than  the  temperature 
of  a  more  numerous  group  of  electrons.  The  density  of  the  high 
temperature  group  is  about  one  to  two  orders  of  magnitude  less 
than  the  low  temperature  electrons,  and  it  is  this  high  temperature 
group  which  is  responsible  for  maintaining  ionization  in  the  plasma. 
By  assuming  that  the  major  energy  exchange  processes  occurring  in 
the  plasma  are  ionization  and  recombination  of  electrons,  it  was 
possible  to  fit  the  experimental  data  for  the  population  of  energy 
levels  with  a  simple  closed  expression  as  a  function  of  the  prin¬ 
ciple  quantum  number.  The  most  significant  experimental  observation 
reported  here  is  that  the  population  of  atcr.ic  helium  energy  levels 
for  small  values  of  the  principle  quantum  number  can  be  described 
by  the  Saha  equation. 


Figure  3.5 

The  relative  population  density  (arbitrary  units) 
observed  in  a  solenoidal-coil  type  rf  discharge  tube 
at  a  pressure  of  0.037  torr  as  a  function  of  the 
electron  binding  energies  of  the  nd  3D  states 
(Thornton,  1968).  The  curve  represents  the  value  of 
the  calculated  populations  based  on  the  two  electron 
temperature  model.  The  values  of  the  parameters  used 
in  these  calculations  are  shown  on  the  figure. 


Figure  3,6 

The  relative  population  density  (arbitrary  units) 
observed  in  the  quiescent  afterglow  of  the  B-l 
stellarator  at  a  pressure  near  10"3  torr  as  a  function  of 
the  electron  binding  energies  of  the  nd  3D  states 
(Hinnov  and  Hirschberg,  1962).  The  three  sets  of  data 
represent  Nn  at  the  peak  of  the  afterglow  (denoted  0,0 
ra  sec  on  the  figure),  and  0,5,  1,0  milliseconds  later. 

The  curves  represent  the  value  of  the  calculated  pop¬ 
ulations  based  on  the  two  electron  temperature  model. 

The  values  of  the  parameters  used  in  these  calculations 
are  shown  on  the  figure. 
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IV  ATOMIC  NITROGEN 


i(.l  Spectra  and  Data 

Figure  l,.l  is  a  spectrum  of  atomic  nitrogen  from  3?>00  to  8800  A 
under  the  green  glow  condition.  It  was  taken  when  molecular  nitrogen 
was  injected  into  the  helium  afterglow  at  gas  inlet  it 2  with  an 
approximate  flow  rate  of  15  etm-cc/scc,  The  ambient  pressure  was  1.0 
torr,  the  electrode  current  was  500  ma,  and  the  ratio  of  helium  to 
molecular  nitrogen  was  about  20.  In  order  to  achieve  the  cleanest 
and  brightest  condition  for  atomic  nitrogen  emission,  the  gas  inlet 
#2  was  rotated  l80°  from  the  position  shown  in  Fig.  2,1.  The  atomic 
nitrogen  glow  appeared  green  to  the  eye  and  had  a  long  tail  (similar 
to  a  comet  tail)  about  6  to  12  inches  in  length.  The  intensity  of 
individual  NI  lines  in  the  spectral  region  between  5000  to  6000  A 
was  two  or  three  orders  of  magnitude  less  intense  than  atomic 
emission  from  the  helium  afterglow  in  the  same  region  (see  Fig.  2,3). 

The  intensity  of  NI  was  extremely  sensitive  to  the  application 
of  a  rf  field.  A  very  small  amount  of  rf  power  would  quench  the 
atomic  emission  completely,  indicating  that  electrons  and  ions  must 
be  important  in  populating  the  atomic  nitrogen  states.  It  is  known 
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from  similar  experiments  (Collins  and  Robertson,  iy6hc)  that  the 
energy  of  the  atomic  helium  ion  is  dissipated  by  the  reaction: 

Na  +  He+  — »  Il+  +  il  +  lie. 

Thus  a  probable  mechanism  for  populating  nitrogen  atoms  is: 

N+  +  c  — +  N* 

Recombination  with  two  electrons,  or  three  body  recombination,  v;as 
eliminated  as  a  possible  mechanism  because  the  electron  density  in 
the  region  of  the  III  glow  was  too  low.  This  can  be  shown  by  appeal¬ 
ing  to  charge  conservation,  using  the  Saha  equation  (3.3)  and  the 
fbet  that  the  intensity  from  the  atomic  helium  ir.  the  region  of  the 
NX  glow  was  reduced  about  3  orders  of  magnitude  (sec  Fig.  2.3).  In 
addition,  single  electron  recombination  is  o  slow  reaction  compared 
to  three  body  recombination  ar.d  thus  this  mechanism  seems  to  fit  with 
the  appearance  of  the  III  plasma  described  above. 

Photoelectric  survey  spectra  were  taken  of  the  green  HI  glow 
under  the  conditions  described  above  from  3500  to  10,500  A  using  an 
Ebert  scanning  monochromator  with  various  gratings  and  optical  filters. 
Resolution  of  the  spectra  varied  from  1,0  to  0.1  A,  depending  on  the 
spectral  region.  In  addition  to  the  HI  emission,  the  spectra  con¬ 
sisted  of  light  from  Hcl,  Nel,  Na,  Jj£  and  intense  lines  of  CrI  and 
Fel,  Light  from  the  atonic  nitrogen  comprised  at  least  90yJ  of  the 
total  radiation  emitted  in  the  visible  and  near  infrared.  The 
source  of  chromium  and  iron  was  electrode  sputtering.  This  HI 
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source  is  unique  in  that  no  radiation  was  detected  from  excited 
states  of  the  nitrogen  ion,  yet  radiation  from  enercy  levels  near 
the  ionisation  limit  of  the  neutral  atom  were  observed.  These  facts 
also  fit  with  the  electron  recombination  mechanism  discussed  above. 

The  results  of  the  survey  spectra  are  listed  in  Appendix  I. 

Two  wavclcncth  "finding  lists"  were  used  to  help  in  identifying  the 
spectra  (Moore,  19!>0;  Striganov  and  Sventitslcii,  1968).  The  data 
listed  in  Appendix  I  is  composed  of  the  NI  lines  and  the  lines  of 
Hoi,  CrI,  Pel  and  lie  I  whieh  were  used  to  calibrate  the  wavelength 
scale.  Other  linos  from  those  latter  elements  and  bands  from  n£  and 
Ks  were  omitted  from  the  tabulation.  Wavelengths  of  calibrating 
lines  are  put  in  brackets.  Inspection  of  Appendix  I  reveals  that 
there  arc  many  lines  whieh  could  not  bo  identified  from  the  wavelength 
finding  lists.  Most  of  those  lines  are  believed  to  be  unclassified 
lines  which  originate  from  transitions  whose  upper  levels  are  near 
the  ionization  limit  of  the  nitrogen  atom.  The  reason  for  this  can 
be  seen  from  Fig.  4.8  where  the  population  of  the  classified  lines 
which  originate  from  these  levels  is  inverted.  (This  fact  is  also 
compatible  with  the  single  electron  recombination  mechanism.) 

Striganov  and  Scvcntiskii  have  completed  the  latest  and  what 
appears  to  be  on  accurate  finding  list  of  the  elements.  Their 
references  on  III  included  the  latest  and  most  pertinent  papers  on 
the  subject.  For  these  reasons  their  III  list  was  selected  as  the 
standard  for  the  current  list  in  Appendix  I.  (K.  B.  S.  Eriksson  of 
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the  University  of  Sv;eder.  Lund ,  Sweden  is  currently  preparing  such  a 
list  for  the  visible  but  unfortunately  it  is  not  available  at  this 
writing). 

The  work  of  Kamiyer.n  ct  al.  (1942,  1940,  1939) »  which  was  not 
referred  to  in  the  Strigarov  referer.cej  should  be  mentioned.  They 
reported  some  HI  lines  which  are  net  mentioned  in  Appendix  I  because 
it  has  been  reported  that  a  systematic  error  of  1,0  A  exists  in 
their  results  (Eriksson,  1958), 

The  dat  listed  in  Appendix  I  is  an  "over  all  view"  of  the 
spectra  shown  in  Fig,  4,1, 

4,2  Complete  Energy  Level  Diagrams  for  HI 

Figures  4,3  and  4,2.  list  the  observed  energy  levels  for  atomic 
nitrogen.  Figure  4.M  shows  the  spectral  regions  where  the  series 
limits  may  be  found.  From  this  figure,  it  can  be  seen  that  the  short 
wavelength  limit  for  NI  lines  occurs  around  3300  A,  The  data  in  the 
latter  part  of  Appendix  I  list  lines  which  nay  be  new  atomic  nitrogen 
lines  in  the  spectral  region  between  3400  -  38OO  A,  This  data 
should  be  analyzed  in  order  to  classify  some  of  these  lines.  Because 
they  are  located  in  this  spectral  region,  they  probably  originate 
from  levels  very  close  to  th;  ionization  limit. 

The  purpose  in  designing  Fig*  4,4  was  to  make  an  energy  level 
diagram  which  listed  all  states  independent  of  their  particular 
coupling  schemes,  and  to  facilitate  the  recognition  of  electric 


Figure  4.1 

All  spectra  were  taken  with  a  Bass-Kessler  f/5.6  grating 
spectrograph.  The  upper  spectrum  of  pure  helium  was  taken 
on  an  Eastnan-Kodak  103  a-f  plate  with  an  exposure  of  10 
sec.  The  middle  spectrum  was  taken  under  the  identical 
experimental  conditions  as  the  above  with  the  exception 
that  a  trace  of  molecular  nitrogen  was  added  through  gas 
inlet  #2,  It  consists  mainly  of  atomic  nitrogen  except 
for  a  weak  emission  from  the  (0,0)  band  of  the  B  -  X  2S 
first  negative  system  of  II J,  The  spectrum  was  exposed 
for  6  minutes  on  an  Eastnan-Kodak  103  a-f  plate.  The 
lower  spectrum  of  atomic  nitrogen  was  taken  with  the 
addition  of  a  short  wavelength  cutoff  filter  (Corning 
3-69)  to  the  spectrograph  and  was  exposed  on  an  Eastman- 
Kodak  I-N  photographic  plate  for  20  minutes.  It  consists 
of  NI  emission  with  very  feint  emission  from  the  molecular 
nitrogen  first  positive  system  between  7500  and  8000  A, 
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dipole  transitions,  Racah  (i960)  states  that  there  should  be  more  of 
an  effort  to  include  these  states  along  with  Russel-Saunders  states. 
This  is  difficult  because  the  spectroscopic  notation  is  different 
for  different  coupling  schemes.  But  as  one  can  see  for  nitrogen, 
the  states  are  not  all  Russel-Saunders  coupling  and  any  complete 
discussion  of  the  problem  must  include  these  other  coupling  schemes. 
For  nitrogen,  intermediate  coupling  (LK)  is  used  when  the 
excited  electron  assumes  large  values  of  orbital  angular  momentum. 

In  this  case  the  spin  coupling  of  this  electron  has  lost  most  of  its 
significance.  The  notation  for  these  states  is  best  explained  with 
an  example.  Consider  the  following  state  of  4f  electron  in  nitrogen; 


K  vector 


74 


r 

i 

i 

vector  _ 

J  vector 


where 


orbital  angular  momentum 


K  =  L  + 

A 


spin  of  the  core 


J  a  K  ±  1/2 

Radiation  from  these  states  was  not  detected  from  either  of  the  III 
sources  (see  section  4.8). 

The  notation  used  in  the  energy  level  diagram  (Fig.  4.3>  4.4)  is 
as  follows:  The  numbers  in  the  "matrix  array"  located  in  the  upper 
center  of  Fig.  4.3  are  the  values  of  the  K  vector.  The  capital 
letters  represent  the  L  vectors  as  described  above.  The  lower  left 
subscripts  of  this  capital  letter  indicate  the  type  of  coupling  used 
(for  this  case  LK).  The  superscript  on  the  upper  right  of  the  letter 
represents  the  parity  of  the  state:  °  means  odd  parity;  "blanh" 
means  even  parity  (just  as  in  the  Russel-Saunders  case). 


Figure  4.2 

This  diagram  shows  the  energy  of  the  various  "terms"  of 
neutral  atomic  nitrogen.  The  ionization  limit  at  l4.53eV 
is  indicated  by  the  horizontal  dashed  line.  The  "terms" 
in  the  upper  center  of  the  figure  are  groups  of  levels 
described  by  intermediate  coupling  (LK)  (Erikisson,  1961). 
The  sextet  terms  located  in  the  upper  left  of  the  diagram 
were  identified  by  Eriksson  (1969) .  The  energy  region 
between  the  arrows  is  expanded  on  the  following  figure. 
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A  partial  energy  level  diagram  for  atonic  nitrogen 
(ground  state  not  shown).  Russel-Saunders  states  are 
located  on  the  extreme  left  (quartet  system)  and  right 
(doublet  system)  of  the  diagram.  Each  member  of  a  major 
vertical  group  share  the  same  parity  quantum  number. 

The  diagram  was  designed  to  incorporate  more  than  Russel- 
Saunders  states  and  to  facilitate  recognition  of 
electric  dipole  transitions.  Note  the  symmetry  in  energy 
between  the  terms  of  the  quartet  and  doublet  system. 

The  short  dashed  lines  are  terms  which  are  predicted  on 
the  basis  of  this  symmetry,  (See  text  for  notation  of 
LK  coupling  states). 
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Figure  4.4 

A  partial  energy  level  diagram  for  atomic  nitrogen 
(ground  state  not  shown).  The  diagram  was  designed  to 
aid  in  identifying  the  spectroscopic  data.  The  colored 
lines  represent  the  observed  electric  dipole  transitions. 
The  red  indicates  transitions  whose  'wavelengths  are 
longer  than  6000  A,  the  green,  transitions  between  6000 
and  4500  A  and  the  blue,  transition  with  wavelengths 
shorter  than  4?00  A.  As  seen  in  the  figure,  the 
intermediate  coupling  states  help  to  connect  the 
quartet  and  doublet  systems. 
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4.3  Two  Mechanisms  for  Production  of  HI 

When  molecular  nitrogen  is  injected  into  the  helium  afterglow  a 
strong  blue  glow  appears  which  is  due  predominately  to  the  first 
negative  system  of  lit.  Spectra  of  this  glow  from  2500  to  9000  A  are 
shown  by  Dunn  (1966).  Figures  4.6  (upper)  and  4,7  (upper)  show  parts 
of  the  spectral  region  associated  with  the  blue  glow.  There  also  is 
radiation  from  atomic  nitrogen  in  this  glow,  but  with  a  different 
population  distribution  than  in  the  green  HI  glow  (see  FiG.  4,8), 

This  blue  glow  always  precedes  the  green  in  the  afterglow.  The  HI 
lines  from  the  blue  -were  not  sensitive  to  the  application  of  a  rf 
field,  while  the  lines  from  the  green  glow  were  extremely  sensitive 
to  the  field  (see  Fig,  4,5),  This  information  suggests  two 
mechanisms  for  producing  the  III,  The  blue  glow  population  distribution 
of  III  was  determined  by  using  a  rf  field  to  quench  contributions  from 
the  recombination  mechanism.  The  result  was  a  linear  distribution 
corresponding  to  a  temperature  of  10*  K  (Fig,  4,8), 

The  mechanism  for  the  excitation  of  atomic  nitrogen  in  the  blue 
region  was  determined  from  energetics  and  qualitative  observation 
disucssecl  in  section  2,3«  It  takes  about  lOeV  to  dissociate  the 
nitrogen  molecule,  and  since  III  states  from  energy  levels  of  l4cV 
wore  observed  in  the  blue  region,  a  minimum  of  23  or  24eV  is  required. 
Sine;  there  is  no  helium  species  remaining  which  has  that  much  energy. 
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a  two  step  process  must  be  involved.  The  qualitative  experiments 

with  argon  (see  section  2,3)  demonstrated  that  the  metastable  helium 

atom  had  nothing  to  do  with  exciting  the  atomic  nitrogen. 

Thus,  the  only  species  left  with  sufficient  energy  were  the 

metastablc-  helium  molecules  and  the  high  energy  electrons.  Since 

it  is  known  that  the  temperature  of  atomic  levels  reflects  the 

electronic  temperature,  the  nitrogen  molecule  was  most  likely  dis- 
M 

sociated  by  Hea  and  the  ill  levels  excited  by  collisions  with  the  high 
energy  electron  (see  chapter  III).  The  two  step  process  in  which  the 
NI  lines  were  excited  in  the  blue  region  is  referred  to  as  the 
collisional  mechanism  and  is  written  as: 

Hea  +  Na - >  2N  +  2He 

N  +  e  — >H*  +  e 

The  fact  that  the  metastable  helium  molecule  dissociates  the 
nitrogen  molecule  instead  of  the  metastable  helium  atom  was  not 
expected  according  to  the  literature  (Duffendack  and  Wolfe,  1929) • 
Figure  4.5  is  an  example  of  the  actual  photoelectric  data  which  formed 
the  basis  for  postulating  these  two  independent  mechanisms  for 
exciting  atomic  nitrogen  lines. 

No  experimental  evidence  was  found  to  connect  either  of  the  two 
mechanisms  of  NI  with  IT*.  The  energy  of  Ii*  is  most  likely  dissipated 
on  the  walls  (Ghosh  and  Jain,  1966). 
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Figure  4.5 

These  figures  arc  actual  photoelectric  data  which  form 
the  bases  for  postulating  two  independent  mechanisms  for 
producing  excited  NI.  The  top  left  spectrum  shows  NI  lines 
excited  in  the  Na  blue  flame  (collisions!),  while  the  right 
spectrum  shows  the  same  lines  excited  in  the  green  flame 
(recombination),  ’lot ice  that  the  relative  intensity  of 
the  nitrogen  multiplets  has  changed.  Also  observed  in 
the  top  left  figure  is  a  Hel  line.  The  lower  spectra  were 
t alien  under  identical  experimental  conditions  except  that 
a  rf  field  was  directed  towards  the  plasma.  Notice  the 
Hel  and  NI  lines  which  were  produced  by  electron  recom¬ 
bination  have  vanished. while  the  NI  lines  produced  by 
the  collisional  mechanism  still  remain  (lower  left 
spectrum).  The  weak  NI  emission  seen  in  the  lower  right 
spectrum  is  due  to  the  collisional  mechanism. 


NI  or  refers  to  2p  3s'  r'D  —  2ps  (XD)  3p*  2F° 
NI  3  refers  to  2p2  3p  2S° 2ps  (3P)  3d  2P 
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Figure  4.6 

This  figure  demonstrates  the  experimental  control  one  can 
use  to  identify  spectroscopic  lines.  The  spectra  are 
actual  photoelectric  data  taken  during  three  different 
experimental  conditions:  l)  blue  molecular  nitrogen  flame, 
2)  green  atomic  nitrogen  flame,  3)  helium  only.  All  three 
spectra  were  taken  at  a  pressure  of  one  torr  and  electrode 
current  of  450  ma.  The  top  spectrum  was  taken  of  the  blue 
Ns  flame.  As  shown  on  the  figure  there  is  strong  emission 
from  the  N+  first  negative  system  and  weak  emission  from 
NI  (collisional  plus  recombination  mechanism).  The  middle 
spectrum  was  taken  of  the  green  KI  flame  (recombination 
mechanism).  The  lines  labeled  with  lower  case  letters 
were  assigned  to  the  HI  (3s  4P  -  4p  /'D°)  mult  ip  let.  The 
bottom  spectrum  was  taken  of  helium  only.  It  shows  the 
chromium  and  iron  lines  which  were  used  for  wavelength 
calibration  (there  are  no  helium  lines  in  this  spectral 
region).  The  chromium  and  iron  came  from  electrode 
sputtering. 


The  upper  trace  is  of  the  photoelectric  spectrum  of  the 
Na  blue  flame  near  3920  A  region.  It  was  taken  with  a 
double-pass  Ebert  scanning  monochromator  using  a  2160 
line/mm  grating  in  first  order.  The  spectral  resolution 
of  the  system  was  0.1  A.  The  spectrum  consists  of  strong 
emission  from  the  (0,0)  band  of  Na  first  negative 
system  and  weak  emission  from  atomic  nitrogen  (collisional 
plus  recombination  mechanisms).  The  lower  trace  is  the 
spectrum  of  the  atomic  nitrogen  green  flame  (recombination 
mechanism)  under  the  same  experimental  condition  as  the 
above  spectrum.  Shown  on  the  figure  is  the  first 
observation  of  the  HI  (3s  8P  -  5p  2D°)  multiplet. 
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4.4  The  Problem  of  Identification  of  Lines 

Figures  4.6  and  4.7  illustrate  the  control  which  the  experimenter 
can  use  to  identify  lines  for  the  present  sources  of  MI.  The  problem 
of  identifying  lines  from  the  blue  region  is  very  difficult  because 
there  are  many  molecular  bands  which  occur  throughout  the  entire 
spectral  region.  Since  the  green  Ml  glow  was  predominately  atomic 
nitrogen,  it  was  helpful  to  use  this  source  to  find  a  particular  NI 
line  in  the  blue  region.  The  line  was  observed  under  the  green  con¬ 
dition  and  then  a  small  adjustment  of  the  molecular  nitrogen  flow  rate 
would  allow  the  line  to  be  observed  under  the  blue  condition.  Adjust¬ 
ment  of  the  flow  rate  would  move  different  regions  of  the  nitrogen 
plasma  in  front  of  the  spectrometer  slits, 

4.5  Interpretation  of  Results 

The  population  of  levels  excited  by  the  two  mechanisms  is  shown 
on  Fig.  4.6,  The  population  was  calculated  using  measured  intensities 
and  calculated  transition  probabilities  (Griem,  1964  and  Wiese,  Smith 
and  Glen.non,  i960)  and  equation  3*2.  It  is  seen  from  Fig.  4.8  that  as 
the  levels  approach  the  ionization  limit  for  nitrogen  (l4.53eV),  the 
population  due  to  the  recombination  mechanism  is  about  one  order  of 
magnitude  greater  than  the  population  due  to  the  collisional  mechanism. 
The  two  distributions  were  normalized  around  12eV  as  can  be  seen  from 
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Fig.  4.8.  The  structure  in  the  recombination  distribution  around 
13.2eV  is  probably  due  to  cascading.  From  Fig.  4.4  it  can  be  seen 
that  cascading  is  important  when  the  upper  levels  are  inverted  in 
nitrogen. 

Compare  the  energy  level  distribution  for  the  HI  (green)  shown 
by  the  dashed  line  on  Fig.  4.8  to  the  level  distribution  for  helium 
shown  on  Fig.  3*2.  The  important  difference  between  these  two 
distributions  is  that  as  the  binding  energy  of  the  excited  electron 
approaches  zero,  the  population  of  the  HI  levels  rapidly  increases, 
while  the  population  of  the  Hel  levels  rapidly  decreases.  This 
decrease  of  the  Hel  levels  is  explained  by  ionization  from  an  excited 
state  by  electrons.  The  source  of  these  ionising  electrons  is  three 
body  recombination  (see  equation  3.10).  Perhaps  the  reason  why  the  III 
levels  increase  in  population  as  this  energy  region  is  approached  is 
because  there  are  no  electrons  to  depopulate  these  states  by 
ionization.  This  indicates  that  two  body  recombination,  or  single 
electron  recombination  is  probably  the  mechanism  for  populating  the 
NI  levels.  (A  third  body  other  than  an  electron  is  possible,  but  this 
would  require  additional  investigation.)  The  III  levels  should  continue 
to  increase  in  population  until  the  excited  electron  binding  energy 
approaches  about  5(KTrco..)  or  O.leV  where  the  room  temperature 
ambient  gas  particles  would  have  sufficient  energy  to  depopulate  the 
III  states  before  radiating  (see  the  last  paragraph  of  section  3.3). 

More  work  needs  to  be  done  to  learn  how  the  III  levels  are 
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populated  by  tne  recoabination  mechanism.  In  other  words,  how  does 
the  probability  for  recombination  depend  on  the  quantum  numbers  of  the 
states  such  as  parity,  multiplicity,  and  orbital  angular  momentum? 

For  example,  high  orbital  angular  momentum  states  (f)  do  not  seem  to 
be  populated  as  much  as  reported  in  other  sources  (McConkey,  Burns 
and  Kernahan,  1967),  The  levels  need  to  be  sorted  according  to  their 
quantum  numbers  and  the  population  of  these  levels  studied  as  a 
function  of  their  quantum  numbers.  Also,  additional  experimental 
information  would  be  useful.  If  the  continuum  from  the  captured 
electron  could  be  observed,  it  would  be  possible  to  confirm  the 
single  electron  recombination  mechanism  and  to  measure  the  matrix 
elements  of  the  electron  going  from  a  free  to  a  bound  state.  From 
the  energetics,  the-  continuum  should  peal;  around  2  microns. 

Two  separate  mechanisms  were  found  to  excite  atomic  nitrogen. 

,  M 

was  the  precursor  of  the  green  atomic  nitrogen  spectrum  and  Heg 

vas  the  precursor  for  ill  lines  in  the  blue  glow.  The  green  glow  was 

* 

found  to  be  the  cleanest  and  brightest  source  of  atomic  nitrogen  thus 
reported.  It  would  be  an  excellent  source  for  accurate  wavelength 
measurements  which  in  turn  would  allow  precise  determination  of  many 
new  energy  levels  near  the  ionization  limit.  Since  the  manner  in 
which  these  levels  are  populated  is  not  understood  qualitatively, 
intensity  measurements  could  not  be  used  to  determine  transition 
probabilities.  However,  the  collisional  mechanism  for  producing 
excited  HI  resulted  in  a  level  distribution  which  was  in 
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equilibrium,  and  thus  could  be  used  to  measure  transition 
probabilities.  The  problem  with  this  source  is  that  the  atomic 
emission  is  obscured  by  stronger  molecular  emission  and  the  intensity 
of  the  transitions  near  the  ionization  limit  is  very  weak  (see  Fig. 
4.8).  Thus  with  this  source  one  would  not  have  the  experimental 
control  he  would  have  with  the  recombination  source,  A  solution  would 
be  to  combine  the  best  features  of  both  sources  in  order  to  measure 
the  transition  probabilities.  The  NI  lines  could  be  isolated  using 
the  recombination  source  and  with  a  turn  of  a  dial,  the  intensity 
from  the  equilibrium  situation  could  be  recorded.  This  procedure 
would  be  a  good  method  for  determining  transition  probabilities  of 
levels  very  near  the  ionization  limit  of  the  atom. 

One  of  the  most  important  features  of  Fig.  4.8  is  the  population 
invertion  of  the  nitrogen  levels.  Calculations  of  densities  and  other 
important  quantities  necessary  for  laser  action  should  be  completed 
in  order  to  test  the  possibility  for  constructing  a  HI  laser  from 


this  source 


93 


Figure  ^.8 

The  relative  population  per  unit  statistical  weight 
(arbritrary  units)  as  a  function  of  the  electron 
excitation  energy  in  atomic  nitrogen.  The  dashed  line 
represents  an  averaged  population  function  for  the 
recombination  mechanism.  The  states  below  13eV  were 
mainly  populated  by  cascading  from  levels  near  the 
ionization  limit  fcr  nitrogen.  When  the  recombination 
mechanism  is  quenched,  the  collisional  mechanism 
predominates  (solid  line).  This  solid  line  represents 
an  averaged  population  distribution  for  the  collisional 
mechanism.  The  SI  levels  populated  by  this  mechanism 
appear  to  be  in  equilibrium  at  a  temperature  near 
10,000  K. 
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V  MOLECULAR  NITROGEN 

When  molecular  nitrogen  is  added  to  the  flowing  helium  afterglow 
many  different  reactions  occur  simultaneously  in  time  and  space 
(Wright  and  Winkler,  1968) .  Dunn  (1966)  has  studied  systems  of  N3 
which  radiate  under  these  conditions.  Reported  here  are  three  new 
vibrational  distributions  of  the  first  positive  system  of  neutral 
molecular  nitrogen,  B  sT1g  -  A  aY+,  No  complete  analysis  in  regard 
to  the  mechanism  of  these  reactions  was  made;  only  the  experimental 
data  is  reported. 

The  spectra  shown  in  Fig,  was  taken  of  a  glow  which 

appeared  red  to  the  eye,  and  was  unusual  in  that  the  tenth  vibrational 
level  was  more  populated  than  neighboring  levels.  Figure  5,2  shows 
the  population  distribution  of  the  vibrational  levels  excited  in  the 
glow.  Populations  of  the  levels  were  calculated  from  relative 
intensities,  Franck-Condon  factors  and  r-centroids  (Zare,  Albrighton, 
and  Schemltekopf,  1968),  Approximately  T;i  of  the  nitrogen  molecules 
in  the  B  srrT  state  we  re  in  the  "tenth  level  distribution,"  while  the 
population  distribution  of  the  remaining  molecules  could  be  described 
by  a  tempo  nature  of  40^0  K  (x  3®j)» 
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A  possible  explanation  for  the  large  population  of  the  tenth 
level  may  be  that  the  level  is  being  populated  from  some  other  state 
in  the  molecule.  Figure  5*3  illustrates  a  collision  induced  level 
crossing  with  the  B*  state.  The  explanation  is  based  on  a  Franck- 
Condon  overlap.  In  addition,  there  are  many  metastable  NP  states 
that  somehow  may  be  involved  (Oldenberg,  196?).  The  4050  K 
temperature  may  come  about  by  collision  with  the  l.OeV  electrons  and 
nitrogen  molecules. 

Another  experimental  fact  available  is  that  the  Ns  flow  rate 
(200  atm-cc/sec)  is  large.  This  may  imply  that  collisions  between 
Ng  and  metastable  nitrogen  molecules  may  be  involved  or  that  nitrogen 
atom  recombination  may  be  important. 

The  spectra  in  Fig.  5.1b  occur  when  Na  is  injected  into  the 
afterglow  at  a  flow  rate  of  about  1.0  atm-cc/sec  and  a  helium  gas 
pressure  of  0.1  torr  and  flow  rate  of  about  10  atm-cc/sec.  This 
source  of  the  first  positive  system  is  very  constant  and  uses  very 
little  gas,  thus  making  it  a  good  source  for  very  long  time  exposures 
at  high  resolution.  At  such  low  flow  rates,  the  source  could  operate 
without  interruption  for  days.  The  population  distribution  for  this 
source  is  shown  in  Fig.  5.4,  Experiments  with  an  rf  field  indicate 
that  the  mechanism  for  the  distribution  involves  reactions  with 
raetastable  species. 

The  spectra  in  Fig.  5»lc  occur  when  hydrogen  is  added  in  inlet 
#1  at  a  flow  rate  of  about  0.2  atm-cc/sec.  The  spectra  was  taken  at 


r 
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inlet  #2  where  N?  was  added  with  a  flow  rate  of  about  4.0  atra-cc/sec. 
The  total  pressure  was  0.6  torr.  The  population  distribution  is 
shown  in  Fig.  5.4.  It  can  be  seen  from  the  figure  that  a  small 
amount  of  the  tenth  level  distribution  is  mixed  with  this 
distribution. 

The  spectra  in  Fig.  5d  was  taken  of  the  nitrogen  afterglow  with 
helium  added.  The  experimental  apparatus  is  described  by  Oldman 
and  Broida  (1969).  The  purpose  of  the  experiment  was  to  learn  if 
there  were  any  similarity  between  the  level  distribution  of  the 
top  three  spectra  shown  in  Fig.  p.l  and  this  spectra.  From  Fig.  5.4, 
it  can  be  seen  that  an  important  similarity  of  the  level  distributions 
is  that  all  have  a  group  of  vibrational  levels  which  can  be  described 
by  a  temperature  of  4050  K.  This  may  be  a  clue  about  the  exciting 
mechanism. 

Table  5.1  summarizes  the  results  of  adding  molecular  nitrogen  to 
a  flowing  helium  afterglow.  Only  neutral  nitrogen  radiating  species 
were  investigated.  A  "rf"  in  the  column  labeled  "Remarks"  means  that 
light  from  the  particular  reaction  was  quenched  when  a  rf  field  was 
directed  towards  the  plasma.  The  figure  numbers  of  the  populating 
distributions  for  the  various  radiating  species  are  also  indicated 
in  the  column.  The  radiation  from  the  14,  (E  37!)  state  (2100-2600  A) 
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’Gas  inlet  was  rotated  l80°  from  position  shown  in  Fi^.  2.1. 
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Figure  5.1 

Photoelectric  spectre,  of  the  various  vibrational  dis¬ 
tributions  of  the  first  positive  system  excited  in  a 
helium  plasma.  The  spectra  were  taken  v/ith  a  double¬ 
pass  Ebert  scanning  monochromator  using  a  1200  line/mm 
grating  in  first  order  blazed  at  6000  A  under  the  follow¬ 
ing  experimental  condition: 

a)  Pressure  =  1.0  terr;  [He]/[lT2]  «  1. 

b)  Pressure  =0.1  torr;  [He]/[l!n]  «  10. 

c)  Pressure  =  0.6  terr:  [He]: [Id,]: [Hr,]  «  800:20:1. 

d)  Na  afterglow  pressure  =  1.0  torr;  [He]/[Na]  1 

(Oldman  and  3roida,  1969). 
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Figure  ‘j,2 


Relative  populations  (arbitrary  units)  of  the  Ns  B  3P 
state  as  a  function  of  the  electron  excitation  energy. 
Data  for  this  graph  ••.'as  obtained  from  the  spectra  shown 
in  Fig,  la.  The  symbols  represent  the  following 
vibrational  progressions: 

Av 

0  • 

1  k 

2  * 

3  0 

4  A 

5  t 

As  seen  from  the  figure,  the  vibrational  levels  between 
v'  =  0  to  8  can  be  described  by  a  temperature  of  UOgO  K 
(:u  3g) •  Levels  v'  >  3  are  populated  also  by  another 
mechanism.  The  ter.uh  vibrational  level  is  clearly 
inverted  with  respecu  to  v'=7>  8  and  9» 


Figure  5.3 

A  partial  energy  level  diagram  of  Ns  which  shov.-s  the 
level  crossing  of  the  B  and  B'  curves  at  v'=10.  The 
probability  of  crossing  may  be  proportional  to  the 
overlap  of  the  classical  turning  points  of  the  two 
curves.  This  could  result  in  an  asymmetrical  shape 
for  the  probability  function  as  seen  in  the  figure. 


Figure  5,4 

Relative  populations  (arbitrary  units)  of  the  Na  B  3T! 
state  as  a  function  of  the  electronic  excitation  energy. 
The  symbol  "0"  refers  to  the  data  under  conditions  of  Fi 
5,1b;  the  symbol  Fig.  5.1c  (hydrogen  added);  and 
"+",  Fig.  5. Id  (N?  afterglow).  A  line  whose  slope 
correspond  to  a  temperature  of  4050  K  is  drawn  for 
comparison.  As  seer,  in  the  figure  all  the  distributions 
have  a  group  of  vibrational  levels  which  can  be  des¬ 


cribed  by  that  temperature 
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VI  CONCLUSION 

It  has  been  demonstrated  that  the  population  distribution  of 
atomic  helium  levels  excited  in  a  cool,  high  dense  plasma  can  be 
understood  in  terms  of  a  bimodal  electron  distribution.  From  a  fit 
of  the  Saha  equation  to  the  experimental  data,  it  was  shown  that  both 
of  these  electron  distributions  appear  to  be  3oltzmann.  In  addition, 
evidence  has  been  presented  to  show  that  the  major  energy  exchange 
mechanisms  occurring  in  the  plasma  are  three  body  electron-ion 
recombination  and  its  inverse  process,  ionization  from  an  excited 
state.  The  role  of  ionization  from  an  excited  state  of  an  atom  may 
be  very  important  in  understanding  cool  plasmas  in  general.  Both 
theoretical  and  experimental  investigations  on  the  cross  sections  for 
this  process  need  to  be  made. 

More  experimental  work  needs  to  be  done  to  verify  many  of  the 
conclusions  reached  in  this  work.  For  example,  a  simple  experiment 
can  be  done  to  verify  that  the  ambient  temperature  dependence  of  the 
emission  of  atomic  light  from  the  plasma  is  given  by  the  temperature 
dependence  of  the  anbipolar  diffusion  coefficient.  Also  accurate 
pressure  and  spatial  measurements  of  the  emission  of  atomic  light 
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would  be  useful.  In  addition,  absolute  light  measurements  would 
allow  accurate  spatial  dependence  of  the  electron  densities  to  be 
made  and  using  calculated  transition  probabilities  useful  information 
regarding  the  cross  sections  for  ionization  from  excited  states  would 
be  obtained. 

Finally,  the  procedure  discussed  here  for  a  helium  plasma  may 
be  applicable  to  plasmas  composed  of  other  atoms  as  well.  Schluter 
(1963)  has  used  a  two  electron  distribution  and  Saha  equation  to  des¬ 
cribe  the  behavior  of  a  hydrogen  plasma.  His  approach  did  not  go 
into  as  much  detail  as  was  presented  in  the  present  discussion.  It 
may  prove  useful  to  apply  the  present  procedure  to  hydrogen  and  other 
plasmas. 

Two  separate  mechanism  were  found  to  excite  atomic  nitrogen.  One 
mechanism  consisted  of  a  two  step  collisional  process  where  Na  was 
dissociated  by  metastable  molecular  helium  and  the  excited  neutral 
atomic  nitrogen  was  produced  by  collisions  with  electrons.  The 
temperature  of  the  III  levels  was  about  104  K.  The  other  mechanism 
was  single  electron  recombination  of  nitrogen  atonic  ions.  The  ions 
were  formed  in  the  dissociative  charge  transfer  reaction  of  ionized 
helium  with  molecular  nitrogen.  This  source  of  atomic  nitrogen  was 
very  clean  and  approximately  400  new  HI  lines  were  observed  with  an 
inverted  population  distribution.  Together,  these  two  sources  could 
be  used  to  measure  transition  probabilities  very  near  the  ionization 
limit  of  the  atom.  The  possibility  of  using  the  population  inversion 
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shown  on  Fig.  4.8  to  make  a  laser  should  be  investigated, 
super-radiant  situation  could  be  made,  it  may  be  possible  to  produce 
an  ultraviolet  or  X-ray  laser. 

More  experimenting  needs  to  be  done  to  determine  the  mechanism 
for  the  various  vibrational  distributions  of  the  Ns  first  positive 
spectrum.  Perhaps  with  further  investigation  of  this  source,  new 
information  about  the  complicated  energy  level  structure  of  the 
nitrogen  molecule  may  be  learned. 
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APPENDIX  I 

Wavelengths  for  III  spectrum  (recombination  -  green) 

Table  Code  * 

Id  Means  identification.  A  NI  in  the  column  means  that  the  line 
has  been  identified  as  an  atomic  nitrogen  line.  If  the  column 
is  blank,  this  means  that  the  line  is  most  likely  a  new  atomic 
nitrogen  line  and  has  not  been  detected  before  because  it  was 
obscured  by  other  emission  or  it  was  not  populated  in  other 
sources.  Any  other  element  in  this  column  means  there  is  a 
confusion  between  lines  of  this  element  and  a  new  atomic  nitrogen 
line. 

X  Wavelength  (A)  (measured  in  air) 

The  wavelength  scale  was  set  by  those  wavelengths  enclosed  in 
brackets. 

Wavelength  Error  Code 
"blank"  =  ±  0.1  A 

(a)  *  i  0.2  A 

(b)  b  ±  0,5  A 

(c)  =*0.7  A 

(d)  *  *  1.0  A 

v  Wavenumber  (cm"1)  (vacuum) 

Tables  of  Wavenumbers  (Coleman,  et  al,  i960) 
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I  Intensity  .in  arbitrary  units  (relative  precision).  The  intensity 
was  measured  from  linear  photoelectric  spectra  (the  height  of 
the  line  was  assumed  to  be  proportional  to  the  intensity).  "?" 
means  that  the  reproducibility  was  in  doubt. 


*  Note:  Head  pace  14^  for  additional  information  regarding  the 
lines  whose  wavelength  is  less  than  3200  A. 


* 


Id 

X 

V 

I 

A 

cm"1 

NI 

[10549.6*4] 

9476.436 

326.2 

NI 

[10539.55] 

9485.517 

677.6 

NI 

105-0.4  (d) 

950-'.  739 

285.7 

NI 

10505.1  (d) 

9516.579 

240 

10479.7  (d) 

9539.644 

175 

10406.1  (d) 

9607.H6 

175 

10397.6  (d) 

9614.969 

175 

NI 

10164.6  (d) 

9835.273 

131.3 

Fe  ? 

10157.8  (d) 

9341,954 

76.92 

NI 

[10147.27] 

9852.138 

131.8 

NI 

[10128.29] 

9870.620 

432.3 

NI 

[10114.64] 

9883.939 

1343.8 

NI 

[10112.48] 

9886.042 

835.6 

NI 

[10108.90] 

9889.562 

743.9 

NI 

[10105.15] 

9893.186 

435.5 

10024.6  (d) 

9972.727 

31.4 

NI 

10002,8  (d) 

9994.461 

21 

9983.3  (d) 

10013.93 

28.5 

9940.8  (d) 

10056.80 

20.8 

9899.3  (d) 

10093.96 

47.9 
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9890.9  (d) 

cm"1 

10107.53 

31.5 

9875.5  (d) 

10123.29 

14 

NI 

9872.5  (d) 

10126.370 

38.9 

NI 

[  9863.331 

10135.785 

181.0 

9851.33  (d) 

10148.131 

23.2 

NI 

9834.7  (d) 

10165.291 

48.8 

9828.O  (d) 

10172.22 

42.6 

NI 

9822.7  (b) 

10177.658 

83.0 

NI 

9810.2  (b) 

10190.678 

21.9 

NI 

9798.9  (b) 

10202.430 

22.3 

9797.7  (b) 

10203.68 

36.1 

NI 

9788.5  (b) 

10213.269 

9.7 

NI 

9787.0  (b) 

10214.835 

17.4 

9780.1  (b) 

10222.04 

28.5 

NI 

9776.8  (b) 

10225.492 

11.8 

9772.1  (b) 

10230.51 

42.9 

9767.6  (d) 

10235.12 

7 

9751.6  (b) 

10251.92 

13.4 

9706.6  (b) 

10299.44 

32.7 

9691.7  (b) 

10315.28 

55.6 

9688.6  (b) 

10318.58 

28.6 

n8  ? 

9679.1  (b) 

10328.71 

12.2 

auiliM 


_ --• - - 
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Id 

\ 

V 

I 

A 

cm”1 

9663.1 

(b) 

10345.81 

81.3 

9660.1 

(b) 

10349.02 

21.2 

964p.6 

(b) 

10364.58 

21.2 

9643.1 

(b) 

10367.27 

15.6 

9617.6 

(d) 

10394.75 

22  ? 

9613.5 

(b) 

10399.19 

16.1 

9600.7 

(b) 

10413.05 

13.2 

9594.5 

(d) 

10419.78 

7  ? 

9562.1 

(b) 

10455.09 

10.7 

9559.1 

(b) 

10458.37 

8.1 

9523.5 

(b) 

10497.462 

14.6 

9521.1 

(b) 

10500.11 

11.6 

9501.9 

(d) 

10521.44 

11  ? 

9485.1 

(b) 

10539.96 

8.6 

NI  &  He 

9464.9 

(d) 

10562.455 

7  ? 

NI 

[  9460,676] 

10567.166 

42.6 

9402.6 

(b) 

10632.44 

20  ? 

NI 

C  9392.739] 

10643.544 

355.0 

NI 

[  9366.505] 

10650.325 

221.3 

9344.5 

(a) 

10698.20 

5.7 

9316.5 

(a) 

10730.70 

7.0 

Id 

X 

V 

I 

A 

cm"1 

9301.9 

(a) 

10747.54 

4.3 

9301.8 

(b) 

10747.66 

3.4 

Cr 

9293.9 

(a) 

10756.69 

10.7 

9289.9 

(a) 

10761.43 

1.8 

9234.8 

(a) 

10825.63 

5.8 

Ne 

9221.9 

10840.78 

14.0 

9218.8 

(a) 

10844.42 

4.0 

NI 

[  9208.OOII 

10857.142 

84.6 

9194.9 

(a) 

10872.61 

25.9 

9193.5 

(c) 

10847.27 

4.9 

NI 

[  9187.4491 

10881.427 

106.8 

9177.8 

(c) 

10392.87 

4.1 

9138.6 

(b) 

10939.59 

2.6 

9102.8 

(b) 

10982.62 

0.5 

9094.5 

(c) 

10992.64 

2.2 

NI 

[  9060.472] 

11033.927 

102.2 

NI 

9050.0 

(a) 

11046.692 

90.3 

NI 

[  9045.878] 

11051.723 

95.5 

9039.6 

(a) 

11059.16 

0.5 

NI 

[  9028.918] 

11072.483 

65.7 
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Id 

X 

V 

I 

A 

cm-1 

9020.8 

(a) 

11082.45 

4.4 

9013.0 

(a) 

11092.04 

4.9 

8992.9 

(b) 

11116.83 

6.0 

8980.6 

(a) 

11132.06 

5.3 

8976.0 

(a) 

11137.76 

5.0 

8942.1 

(b) 

11179.99 

6.8 

8937.3 

(b) 

11185.99 

3.6 

8899.2 

(a) 

11233.88 

13.4 

8886.7 

(a) 

11249.68 

14.6 

8871.6 

(a) 

11268.83 

15.1 

8822.3 

(a) 

11331.80 

14.7 

NI 

8747.5 

(a) 

11428.699 

25.0 

NI 

8728.9 

(b) 

11453.052 

59.4 

8722.3 

(a) 

11461.72 

7.3 

NI 

[  8718.841] 

11466.833 

307.3 

NI 

[  8711.708] 

11475.651 

397.3 

NI 

[  8703.255] 

11486.806 

412.2 

Fe 

8698.4 

(a) 

11493.21 

8691.5 

(a) 

11502.34 

8.4 

NI 

[  8686,161] 

11509.406 

408.3 

..  -...I,  .<>  ■..I.U—  , 

121 


Id 

X 

V 

I 

A 

cm-1 

NI 

[  8683.40] 

11513.064 

806.9 

NI 

[  8680.27] 

11517.216 

1000.2 

Fe 

8667.1  (a) 

11534.72 

49.0 

NI 

8655.9  (a) 

11549.642 

142.1 

NI 

[  8629.238] 

11585.324 

175.4 

8602.1  (a) 

11621.88 

8.6 

NI 

8594.2  (a) 

11632.559 

73.6 

Ne 

8591.6  (a) 

II636.O8 

4.2 

NI 

8567.9  (a) 

11668.266 

31.8 

8420.0  (c) 

.11873.22 

2.9 

NI 

[  8242.374] 

12129.099 

264.4 

NI 

[  8223.121] 

12157.492 

257.7 

NI 

[  8216.312] 

12167.569 

636.0 

NI 

8210.8  (a) 

12175.734 

100.5 

NI 

8201.9  (a) 

12188.946 

86.4 

NI 

8200.5  (a) 

12191.027 

43.1 

NI 

[  8188.005] 

12209.623 

236.8 

NI 

[  8184.852] 

12214.337 

233.4 

NI 

8166.3  (a) 

12242.082 

120.1 

8152.3  (c) 

i2263.ll 

2.2 

— ■  — - - - - — - - - - — - -  —  -  * 
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Id 

X 

V 

I 

A 

cm”1 

8112.6 

(a) 

12323.12 

5.3 

MI 

[  7915.419] 

12630.094 

132.7 

MI 

7899.1+ 

(a) 

12655.703 

211.0 

Na 

7753.85 

(a) 

12893.27 

9.4 

7744.5 

(a) 

12908.84 

4.6 

7735.7 

(a) 

12923.52 

6.1 

7730.6 

(a) 

12932.05 

10.6 

77^5.0 

(a) 

12941.42 

4.6 

7713.9 

(a) 

12960.05 

4.8 

7711.5 

(c) 

12964.08 

4.8 

Na 

7626.7 

(a) 

13108.22 

6.2 

7604.7 

(a) 

13146.14 

7.4 

7551.6 

(a) 

13238.58 

14.4 

7547.0 

(a) 

13246.65 

6.8 

7536.4 

(a) 

13265.28 

5.2 

MI 

[  7468.309] 

13386.224 

205.6 

NI 

[  7442.299] 

13433.00 

115.4 

MI 

l  7423.639] 

13466.772 

48.8 

7406.3 

(a) 

13498.30 

26.0 

7386.2 

(c) 

13535.03 

6.1 

J 
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Id 

X 

V 

I 

A 

cm"1 

7270.6  (a) 

13750.23 

2.1 

7177.3  (a) 

13928.98 

1.8 

7159.3  (a) 

13964.0 

32.9 

7135.8  (a) 

14009.98 

34.3 

NI 

6982.O  (a) 

14318.595 

6.5 

NI 

6979.3  (a) 

14324.134 

5.7 

6973.1  (a) 

14336.87 

2.9 

NI 

[  6951.50] 

14381.418 

6.1 

NI 

[  6945.22] 

14394.422 

13.7 

NI 

6926.8  (a) 

14434.221 

5.5 

6795.3  (a) 

14711.99 

3.5 

NI 

6793.8  (a) 

14715.242 

3.3 

n2 

6788.3  (a) 

14727.16 

6.3 

6758.2  (a) 

14792.76 

9.9 

6751.9  (a) 

14806.56 

9.2 

NI 

6741.0  (a) 

14830.501 

5.3 

NI 

[  6733.48] 

14847.063 

14.2 

6726.0  (a) 

14683.58 

7.1 

NI 

[  6723.12] 

14869.942 

30.4 

6722.5  (a) 

14871.31 

59.2 
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Id 

X 

V 

I 

A 

cm"1 

6720.9 

(a) 

14874.85 

12.6 

6717.0 

(a) 

14883.49 

4.9 

6715.9 

(a) 

14885.93 

2.6 

NI 

6713.2 

(a) 

14891.915 

8.3 

NI 

6708.8 

(a) 

14901.682 

16.5 

NI 

6706.1 

(a) 

14907.681 

15.0 

NI 

6667.06 

(a) 

14995.110 

10.0 

6666*1 

(a) 

14997.13 

11.2 

NI 

6656.7 

(a) 

15018.312 

7.3 

NI 

6653.4 

(a) 

15025.761 

15.7 

6648,9 

(a) 

15035.70 

9.7 

NI 

6646.6 

(a) 

15041.133 

6.9 

NI 

[  6644.963] 

15044.777 

24.7 

NI 

6636.9 

(a) 

15063.116 

6.8 

NI 

6623.0 

(b) 

15094.729 

13.7 

NI 

6622.5 

(a) 

15095.869 

Cr 

6612.5 

(a) 

15118.698 

6.8 

6596.5 

(a) 

15155.36 

5.8 

N8 

6545.0 

(a) 

15274.62 

8.6 

6533.0 

(a) 

15302.68 

6.5 

. •-  ■  .  . . . t,. 
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Id 

X 

V 

I 

A 

cm-1 

NI 

6506.5  (0) 

15365.001 

20.5 

NI 

6499*6  (a) 

15381.313 

12.1 

NI 

6491.3  (a) 

15400.979 

11.6 

NI 

[  6484.88] 

15416.226 

104.5 

NI 

[  6483.75] 

15418.913 

83.1 

NI 

[  6482.74] 

15421.315 

153.2 

NI 

[  6481.73] 

15423.718 

49.8 

NI 

6471.1  (a) 

15449.055 

3.7 

NI 

6468.5  (a) 

15455.264 

15.0 

NI 

6458.1  (a) 

15480.129 

1.6 

NI 

6441.8  (a) 

15519.323 

20 

NI 

6441.0  (a) 

15521.250 

4.5 

6437.8  (a) 

15528.97 

6.9 

NI 

6436.8  (a) 

15531.378 

3.7 

NI  ? 

6423.2  (a) 

15564.26 

8.5 

NI 

6420.7  (a) 

15570.322 

11.3 

NI 

6417.2  (a) 

15578.815 

4.2 

n2 

6394.4  (a) 

15634.36 

4.9 

6384.5  (b) 

15658.61 

3.3 

6378.5  (a) 

15673.34 

6.4 
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Id 

X 

V 

I 

A 

cm"x 

6369.2 

(a) 

15696.22 

4.8 

NI  ? 

6304.0 

(a) 

15858.56 

5.9 

6298.4 

(a) 

15872.66 

6,6 

6289.4 

(a) 

15895.37 

7.2 

NI  ? 

6286,1 

(a) 

15903.72 

13.8 

NI  ? 

6275.7 

(a) 

15930.07 

5.0 

NI  ? 

6273.1 

(a) 

15936.67 

17.6 

6259.3 

(a) 

15971.81 

1.6 

Ns 

6253.1 

(a) 

15987.65 

1.5 

6243.2 

(a) 

16013.00 

3.5 

6237.8 

(a) 

16026,86 

5.6 

6234.2 

(a) 

16036.2 

4.6 

6230.3 

(a) 

16046.15 

2.4 

6217.7 

(a) 

16078.67 

1.6 

6194.1 

(b) 

16139.93 

1.8 

6188.8 

(b) 

16153.75 

1.2 

6182.1 

(b) 

16171.26 

0.9 

6175.3 

(b) 

16189.07 

0.8 

6117.1 

(b) 

16343.09 

2.4 

. . . . '■ . 
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Id 

X 

V 

I 

A 

cm"1 

6096.1 

(a) 

16399.39 

6.1 

6095.7 

(a) 

16400.47 

4.4 

6080.7 

(a) 

16440.92 

0.9 

NI 

6075.9 

(a) 

16453.912 

1.5 

n3 

6069.9 

(a) 

16470.18 

3.9 

NI 

6017.7 

(a) 

16613.016 

14.8 

n2 

6013.3 

(a) 

16625.20 

4.1 

NI 

[  6008.48] 

16638.536 

43.4 

NI 

[  5999.47] 

16663.496 

23.3 

5989.9 

(a) 

16690.15 

2.4 

5962.3 

(a) 

16767.41 

1.7 

NI  &  Fe  ? 

5856.O 

(a) 

17071.771 

6.9 

NI  &  Cr  1 

5854.4 

(a) 

17076.437 

15.0 

NI 

5840.9 

(a) 

17115.905 

4.3 

NI 

5834.6 

(a) 

17134.386 

7.8 

5832.0 

(b) 

17142.03 

4.1 

5831.0 

(b) 

17144.96 

3.2 

NI 

[  5829.53] 

17149.288 

16.8 

NI 

5816.6 

(a) 

17187.409 

8.2 

5790.0 

(a) 

17265.18 

4.1 
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Id 

X 

V 

I 

A 

cm"1 

5772.1 

(a) 

17320.21 

4.2 

5768.7 

(a) 

17330.12 

4.4 

5768.1 

(a) 

17331.93 

2.6 

5764.9 

(a) 

17341.55 

17.1 

5758.1 

(a) 

17362.03 

8.8 

NI 

C  5752.64] 

17378.503 

29.3 

NI 

5747.3 

(a) 

17394.650 

12.9 

5744.5 

(a) 

17403.13 

1.7 

NI 

5740.8 

(a) 

17414.345 

6.7 

5740.3 

(a) 

17415.86 

8.2 

NI 

5625.5 

(a) 

17771.265 

9.1 

NI 

5623.3 

(a) 

17778.218 

20.8 

Nl/Fe 

5618.4 

(a) 

17793.722 

8.4 

NI 

[  5616.54] 

17799.583 

29.3 

Nl/Fe 

5611.5 

(a) 

17815.601 

9.4 

NI 

5604.4 

(a) 

17838.171 

1.5 

NI 

[  5600.54] 

17850.466 

5.6 

5591.5 

(b) 

17879.33 

0.7 

5571.5 

(a) 

17943.51 

2.3 

5564.54 

17965.948 

8.1 

vm  ■! 
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Id 

). 

A 

V 

cm-1 

I 

NI 

[  5564.37] 

17966.497 

95.8 

NI 

[  5560.57] 

17979.422 

74.2 

5559.7h 

17981.459 

9 

NI 

5557.^0 

17989.031 

lb.O 

5556.07 

17993.337 

1.7 

5551.13 

18009.349 

7.0 

5546.23 

18018.762 

4.9 

5545.16 

18028.445 

4 

NI 

5545.11 

18028.901 

11 

5544,66 

18030.364 

1.2 

5542.54 

18036.284 

1.1 

5540.50 

18043.901 

4.9 

5535.57 

18059.971 

4.9 

5533.6 

(a) 

18066.40 

0.9 

5530.11 

18077.802 

4.5 

5529.65 

18079.31 

6.0 

5523.6 

(a) 

I8i99.ll 

2.0 

5519.7 

(a) 

18111.90 

1.5 

5503.9 

(a) 

18163.89 

0.8 

5500. 4^ 

18175.381 

6,0 

130 


Id 

X 

V 

I 

A 

cm"1 

5497.15 

18186.192 

10.6 

54$*S.75 

18187.52 

2.7 

545?.  8 

(b) 

18223.82 

0.8 

5473.1 

(a) 

18249.43 

1.1 

5472.40 

18268.44 

4.5 

Fe 

5394.4 

(a) 

18532.59 

6.3 

5331.4 

(a) 

18577.360 

2.0 

NI 

5373.44 

18587.583 

8.7 

5376.26 

18595.121 

6.1 

5374.89 

18599.86 

2.8 

NI 

[  5*72.66] 

18607.560 

9.1 

5370.91 

18613.643 

18.6 

NI 

[  5567.27] 

18626,266 

8.4 

5363.67 

18633.768 

10.1 

5361.96 

18644.712 

4.2 

5361.06 

(a) 

18648.05 

1.1 

5359.77 

18652.33 

4.5 

NI 

5356.77 

18662.776 

21.2 

5555.2 

(a) 

18668.25 

Fe 

5353.1 

(a) 

18675.57 

0.9 

Id 

\ 

V 

I 

A 

cm"1 

5350.1  (a) 

18686.04 

1.2 

5346.96 

18697.016 

2.3 

5346.1  (a) 

18700.02 

1.1 

NI 

5344.22 

18706.602 

4.8 

5343.73 

18708.32 

2.1 

5343.47 

18709.23 

1.0 

5341.32 

18716.758 

2.3 

5339.50 

18723.138 

3.7 

5337.76 

18729.241 

4.8 

5336.72 

18732.891 

4.0 

NI 

5334.38 

18741.103 

8.0 

Ife 

5330.85 

18753.518 

2.7 

NI 

r  5328.7  ] 

I8761.O85 

33.6 

5328.43 

18762.035 

7.4 

5326.34 

18769.397 

2.7 

5324.00 

18777.647 

4.3 

5314.95 

18809.62 

1.3 

5310.69 

18824.703 

1.2  ? 

5310.60 

18824.991 

2.1  ? 

5305.12 

188144,472 

2,6 

132 


Id 

X 

V 

I 

A 

cm”1 

529S.11 

18869.406 

1.7 

5297. 1*6 

18871.751 

2.7 

5293.50 

18885.838 

4.2 

NI 

C  5292.75] 

18883.514 

11.3 

MI/Fe 

[  5281.18] 

18929.895 

16.1 

5275.9 

18948.839 

3.7 

523*1.8  (a) 

19097.61 

1.4 

5232.6  (a) 
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the  data  needs  to  be  done  in  that  some  confusion  exists 
with  molecular  lines.  More  careful  experimenting  needs 
to  be  done.  The  wavelength  accuracy  is  between  0*1 
and  0*2  A* 
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